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CHAPTER I 
GENERAL INTRODUCTION 
Dental amalgam is the main material for restoring teeth degenerated by caries. 
Approximately 80% of the total number of dental restorations are made of 
dental amalgam. It is reasonable to assume that the dentists spend 50% of 
their time to the manufacturing of dental amalgam restorations. The cash 
flow of the dental health service in the Netherlands involved with the 
production of dental amalgam restorations probably is between 100,000,000 
and 150,000,000 guilders per year. 
A dental amalgam is obtained by reaction between mercury and a metal 
powder (dental amalgam alloy) which is essentially a silver-tin-alloy. The 
composition of this powder as desired by the ADA Specification no. 1 (ADA, 
1970) is given in table 1.1. After proportioning the dental amalgam alloy and 
the mercury these components are mixed. Then the mixed plastic mass is 
packed into the prepared cavity by means of suitable packing instruments. 
Next the restoration is carved to the correct anatomical contours. After 
complete setting of the amalgam the restoration is polished. After completion 
of the reaction the rests of the high melting silver-tin particles (7 particles) are 
embedded in a matrix. The main constituents of the matrix are the low 
melting phases 7 , (Ag-Hg) and72 (Hg-Sn). 
From an engineering point of view the following questions might be asked 
about the dental amalgam restoration (Mahler, 1972) 
1. Is it maintaining its shape and appearance? 
2. Is it biologically compatible? 
3. Is it restoring the tooth to its original function? 
4. Is it doing these things over a long period? 
Unfortunately, the answer to some of these questions for the different 
amalgams is not satisfactory. As a matter of fact, the life of dental amalgam 
restorations varies considerably: from much less than two years to more over 
twenty years (Phillips et al., 1945; Nadal et al., 1961 a and b; MacRae et al., 
1962; Wilson and Ryge, 1963; Mathewson et al., 1967; Allan, 1969; Robin-
son, 1971; Paffenbarger, 1972). It is reasonable to assume that the average 
life time after correct application is somewhere between 5 and 10 years. 
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Table 1 1 The chemical composition of the dental amalgam alloy as desired according 
to the ADA Specification no 1 (1970) 
Sliver Tin Copper Zmc Mercury 
Wt % Wt % Wt % Wt % Wt % 
> 6 5 < 2 9 < 6 < 2 < 3 
The functional life time of a dental amalgam restoration depends on several 
factors such as the cavity design (Nadal et al, 1961 a and b, MacRae et al, 
1962, Wilson and Ryge, 1963), the manipulation of the amalgam mix by the 
dentist (Wilson and Ryge, 1963) and the choice of a more or less proper 
dental amalgam alloy and an alloy/mercury ratio (Nadal et al, 1961 a and b, 
MacRae et al, 1962, Wilson and Ryge, 1963, Mahler et al, 1970) 
In this dissertation attention will be paid to some of the material factors in 
determining for the whole or partially the durability of dental amalgam 
restorations 
Analogously to Mahler (1972) it might be stated that the dilemma in the field 
of dental materials science today is that questions of vital importance like the 
following are raised rarely What are the modes of failure of dental amalgam 
restorations, what is the frequency distribution of these modes and what are 
the critical physical and chemical properties that are relevant to these types 
of failure9 
In this study an analysis of the literature is presented about the modes of 
failure of dental amalgam restorations under oral conditions Furthermore, it 
will be discussed what are the pertinent physical and/or chemical properties 
which are clinical relevant to these modes of failure Then attention is 
focussed on some of the clinical relevant properties Also a first attempt is 
made to find interrelations between physical and structural properties 
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CHAPTER II 
PROPERTIES OF DENTAL AMALGAM AND THEIR CLINICAL RELE-
VANCY 
2.1 Introduction 
In text books dealing with dental amalgam little attention has been paid to 
properties such as delayed expansion, adaptation and tamish and corrosion 
Most investigators have determined the dependence of properties such as 
strength, flow and dimensional change during hardening on clinical variables 
such as trituration time, powder to mercury ratio, the trituration and packing 
technique and the moisture content 
However, there is but little information on the clinical significance of these 
supposedly patient oriented properties of dental amalgam, whereas data on 
the clinically acceptable values of those properties that have been identified 
as significant factors, are meager 
Therefore, the purpose of this chapter is to obtain as much information on 
the clinical significance of those properties as is available from original 
research papers A systematic inventory for the period 1962-1971 based 
mainly on the Index to Dental literature resulted in a list of 330-380 papers 
of which 216 were available to the author In table 2 1 the frequency of 
certain properties determined in these papers is listed Also, the frequency of 
discussions on, or references to, the clinical significance of those properties is 
summed up For reasons given below, the number for the 'compositional and 
microstructural parameters' group includes the number of papers accounting 
for the importance of those parameters to properties such as strength, flow, 
dimensional change, etc The grand total of properties exceeds the total 
number of papers because several papers were dealing with the experimental 
determination of more than one property 
In our opinion the data collected in table 2 1 justify the following conclu-
sions 
— properties determined most frequently are strength, dimensional beha-
viour, flow, tamish and corrosion, adaptation and hardness, whereas also 
much attention has been paid to the determination of compositional and 
microstructural parameters The properties mentioned here comprise 88% 
of the grand total number of properties 
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no clinical motivation has been given for the determination of properties 
for 77% of the grand total of properties determined experimentally. 
Table 2.1. Frequencies of determinations of properties with or without clinical moti-
vation in the period 1962-1971. 
Property 
strength 
now 
hardness 
adaptation 
dimensional change 
corrosion 
composition and microstructure 
other properties 
grand totals 
Clinically motivated 
or referred to 
15 
2 
3 
20 
10 
7 
6 
9 
72 
Total number of 
determinations 
69 
17 
16 
40 
31 
27 
77 
37 
314 
In the following section a compact review of the clinical relevancy of 
properties as discussed, or referred to, in the period 1962-1971 is given. It 
turned out to be sufficient to consider papers dealing only with strength, 
flow, hardness, adaptation, dimensional change, corrosion and viscoelastic 
behaviour of dental amalgam. Criteria for this review were derived from 
methodological considerations found in the historical trends and the expected 
future developments in the research on dental amalgam. 
Only a few decades ago casuistry was still the only basis of dental clinical 
knowlegde (I). Since then populations have replaced individual patients 
increasingly in clinical research and recording. A systematic classification and 
determination of frequencies of the failures of dental restorations began with 
the start of clinical observational research (CI) in the late fourties. On the 
other hand laboratory experiments (LI) were used since long before to 
characterize the underlying dental materials in terms of physical and chemical 
parameters. 
According to general methodology, inventive combination of CI and LI leads 
to the formulation of a hypothesis or theory (T). In genera', such a theory 
describes a certain aspect of the behaviour of the dental restoration under 
oral conditions in terms of a more or less simplified model or mechanism and 
a set of selected and appropriate physical and chemical properties of the 
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restorative material (e.g. 'life time' of a dental amalgam restoration described 
in terms of a strenth parameter). For methodological reasons it is suitable to 
distinguish the formulation of a new theory by use of experimental data in 
CI and/or LI collected by other researchers (E) from one based on informa­
tion collected by ourselves. It is possible to test the theory by experimental 
clinical studies (C2) and/or laboratory trials (L2). Comparison of C2 and L2 
may lead to acceptance, rejection, or modification of the theory (T2). 
It seemed to be worthwhile to classify the papers on dental amalgam research 
according to the above scheme. This is done in the tables 2.2 to 2.8 by 
assigning the class of CI, C2, LI, L2, Τ, E or I to each paper, which is 
referred to in that section. 
2.2 Literature review on the clinical relevancy of properties of dental amal­
gam 
2.2.1 Strength properties 
A very generalizing but still frequently occurring explanation of the impor­
tance of strength properties of hardened dental amalgam can be represented 
by formulations such as 
The strength of any dental filling material is an important and pertinent 
property because restorations are subjected to high stresses' (Caul et al., 
1963) and 
'An amalgam restoration is subjected to many and varied oral forces and must 
exhibit adequate strength to resist gross or marginal fracture' (Overberger et 
al., 1964). Most frequently authors refer to a paper of Healy and Phillips 
(1949) who studied clinical failures of amalgam restorations. They reported 
that 26% of the failures were due to bulk fractures, i.e. were due to improper 
strength values. From later clinical studies (Nadal et al., 1961 a and b; 
MacRae et al., 1962; Wilson and Ryge, 1963; Mathewson et al., 1967; Allan, 
1969) it can be concluded that approximately up to a maximum of 5% of the 
failures were due to bulk (gross) fracture. It seems reasonable to assume that 
the decreasing probability for the occurrence of gross fracture is due to 
improved strength properties. As a matter of fact, strength properlies increas­
ed strongly in the early 1950's because most manufacturers introduced a 
homogenizing treatment of the ingot (Winkelman, 1972; see also Strader, 
1949). 
However Nadal et al (1961 a and b) showed the occurrence of bulk fracture 
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to depend strongly on the cavity design, whereas its occurrence was indepen­
dent of strength properties. Therefore, the clinical importance of strength 
properties is not obvious since its improvement in the 1950's. However, in the 
literature under investigation no quantified information is available on the 
limiting values which seperate successful from unsuccessful materials. On the 
other hand, the situation is more complex as to describe success in terms of 
strength only, because Nadal et al. (1961 a and b) suggest that failure by bulk 
fracture can be prevented by a proper cavity design. 
Table 2.2. Classification of the papers dealing with the clinical significance of strength 
of dental amalgam. 
References Class of experiment 
E I CI LI Τ C2 L2 
Healy and Phillips (1949) + 
Nadal et al. (1961 a and b) + + 
MacRae et al. (1962) + 
Wilson and Rygc (1963) + + 
Mathewson et al. (1967) + + 
Dreyer Jtfrgensen (1968) + + + 
Allan (1969) + 
Mahler et al. (1970) + + 
Strength properties are also considered to be important for the occurrence of 
marginal fracture. Several clinical studies revealed that marginal breakdown 
probably is the most frequent type of failure under clinical conditions (Nadal 
et al., 1961 a and b; MacRae et al., 1962; Wilson and Ryge, 1963; Mathewson 
et al., 1967; Allan, 1969). The size of marginal fracture was found to be 
positively correlated with secondary caries (Dreyer J^rgensen, 1968) (See 
also section 2.2.6). Several authors referred to a paper of Nadal et al (1961 a 
and b) who reported an increasing incidence of marginal failure with decreas­
ing compressive strength values. Nadal et al. (1961 a and b) used one dental 
amalgam alloy and three different techniques. 
Mahler et al. (1970) found that compressive strength, tensile strength and 
transverse strength of freshly set amalgam were ineffective in predicting 
marginal failure. These investigators used three different dental amalgam alloys. 
They reported compressive strength values of 61,400; 59,500 and 51,900 psi 
respectively for the three different amalgams, whereas Nadal et al. (1961 a 
and b) reported values of 49,000; 30,000 and 13,000 psi respectively for the 
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three different techniques. Combination of the studies by Nadal et al. (1961 a 
and b) and Mahler et al. (1970) might suggest that marginal failure is 
determined by strength properties up to a certain breaking strength level. 
However, it is not obvious how this conclusion might be influenced by 
differences in test conditions or by a different cavity design. 
2.2.2 Flow 
Only two papers were found dealing with (or referring to other papers dealing 
with) the clinical significance of flow (Granath, 1962; Mahler et al., 1970). 
No clinical evidence of failure arising from flow could be detected by 
Sweeney (1940), Phillips et al. (1945) and Nadal et al. (1961 a and b). Mahler 
et al. (1970) could not find a correlation of flow with the incidence of 
marginal fracture. From a physical point of view the clinical value of the flow 
test has been discussed by Skinner (1938) and Loebich (1954) who had 
serious doubts. 
Table 2.3. Classification of the papers dealing with the clinical significance of the flow 
of dental amalgam. 
References Class of experiment 
E I CI LI Τ C2 L2 
Skinner (1938) + + 
Sweeney (1940) + + 
Phillips et al. (1945) + + 
Loebich (1954) + + 
Nadal et al. ( 1961 a and Ъ) + + 
Granath (1962) + 
Mahler et al. (1970) + + 
2.2.3 Hardness 
From a physical point of view it might be expected that the hardness test to a 
'certain extent reproduces the actual condition of amalgam in the mouth' 
(Granath, 1962). Using laboratory tests Braden (1968) applied indenter 
theory to calculate stresses at the contact area of a tooth cusp with an 
amalgam restoration under conditions similar to those in the mouth. Braden 
(1968) assumed that the cusp-restoration system is the only compliant system. 
However, it is well known that the supporting tissues are compliant as well, 
'so that the stress over the cusp-restoration contact area will be less (probably 
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much less)' (Braden, 1968) than the calculated values 
No information on the clinical significance of hardness properties could be 
found in literature. 
Table 2 4 Classification of the papers dealing with the clinical significance of the 
hardness of dental amalgam 
References Class of experiment 
E I CI LI Τ C2 L2 
Granath (1962) + + + 
Braden (1968) + + 
Table 2 5 Classification of the papers dealing with the clinical significance of the 
adaptation of dental amalgam to the cavity wall 
References Class of experiment 
E l CI LI Τ C2 L2 
Nadal et al (1961 a and b) + + 
MacRaeetal (1962) + 
Wilson and Ryge (1963) + + 
EUis and Brown (1967) + 
Mathewsonet al (1967) + + 
Dreyer J^rgensen (1968) + + (+) 
Allan (1969) + 
Atto et al (1970) + 
Hals and Nernaes (1971) + + 
2.2.4 Adaptation 
In the opinion of the authors of papers under investigation a low degree of 
adaptation of a dental (amalgam) restoration to the cavity wall is a condition 
for hypersensitivity, recurrent canes, pulpal damage, discoloration of the 
restored tooth, for the hastening of the breakdown of the dental restorative 
material at the margins, and for the lack of retention of the restoration in the 
cavity Most papers refer to the consequences of a low degree of adaptation 
of a dental restoration qualitatively Only a few papers are dealing with or 
referring to more or less quantified information Several clinical studies 
revealed marginal breakdown of amalgam restorations to be the most frequent 
type of failure under clinical conditions nowadays (Nadal et al., 1961 a and b, 
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MacRae et al., 1962; Wilson and Ryge, 1963; Mathewsonet al., 1967; Allan, 
1969). 
Dreyer J^rgensen (1968) reported a positive correlation between the size of 
the margin enlarged by marginal fracture of the amalgam restorations and the 
frequency of secondary caries at those positions. The correlations found by 
Dreyer J^rgensen (1968) has been supported by experimental studies dealing 
with in vitro caries developing around silver amalgam restorations (Ellis and 
Brown, 1967; Atto et al., 1970; Hals and Nernaes, 1971). 
2.2.5 Dimensional change 
Dimensional change due to normal setting reactions has been considered to be 
one of the most important properties of dental amalgam because of its 
presumed relation with the distance of the restoration to the cavity wall. 
There is no doubt in literature that a dental amalgam showing up a slight 
expansion is desirable. 
However, no differences could be detected in the clinic between restorations 
made of dental amalgams showing up a high contraction or expansion in the 
laboratory (determined according to ADA Specification no. 1) (Phillips et al., 
1945; MacDonald and Phillips. 1950; Nadal et al., 1961 a and b). 
Even experimental studies in the laboratory did not result in a correlation 
between the dimensional change during setting and the distance of an amal-
gam restoration to the cavity wall (see Chapter VII for a discussion of that 
non-correlation). 
The clinical significance of delayed expansion which is caused by a complete-
ly different mechanism has been reported by Healy and Phillips (1949). 
They reported that 16% of the failures of amalgam restorations, is due to 
(excessive) delayed expansion. Schoonover et al. (1942) have proven that this 
excessive expansion is due to the zinc content of the amalgam alloy and its 
contamination with aqueous electrolyte solutions during preparation of the 
filling. More recent clinical studies do not pay attention to this type of failure 
(Nadal et al., 1961 a and b; MacRae et al., 1962; Wilson and Ryge, 1963; 
Mathewson et al., 1967; Allan, 1969) which suggests that nowadays the 
frequency of this failure is much lower than in the study by Healy and 
Phillips (1949). 
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Table 2.6. Classification of the papers dealing with the clinical significance of the 
dimensional change of dental amalgam. 
References Class of experiment 
E I CI LI Τ C2 L2 
Schoonover et al. (1942) + 
Phillips et al. (1945) + + 
Healy and Phillips (1949) + 
MacDonald and Phillips (1950) + + 
Nadal et al. (1961 a and b) + 
MacRaeetal. (1962) + 
Wilson and Ryge (1963) + 
Mathewson et al. (1967) + 
Allan (1969) + 
2.2.6 Corrosion 
A number of clinically more or less observable phenomena is, or may be, 
related to corrosion of dental amalgam. Several authors mentioned the 
'galvanic pain' due to the galvanic action of amalgam restorations in combina­
tion with other metallic restorations (see e.g. Nachlin, 1954;Fusayama et al., 
1963; Marxkors, 1970). In a casuistic clinical study Mumford (1960) found 
that this type of pain occurred only in a small percentage of the cases. 
Further he found the pain to be not so serious generally, whereas it usually 
occurred the first hours but in no instance longer than a few weeks. It has 
also been mentioned by several authors that the galvanic current could have a 
harmful effect on soft oral tissues or on the human organism as a whole. 
However, the frequency of occurrence of the effects mentioned before is 
supposed to be low or absent by other authors (see e.g. Phillips, 1957; 
Fusayama et al., 1963). 
Also it was assumed that loss of strength in the surface regions of an amalgam 
restoration may occur due to corrosion. Dreyer J^rgensen (1965 and 1972) 
has shown experimental evidence for the occurrence of this phenomenon. He 
suggested that this loss of strength is an important factor in the mechanism of 
marginal fracture (compare also section 2.1.1). 
The clinical evidence of delayed expansion has been reported by Healy and 
Phillips (1949). The loss of luster and esthetic quality, which occurs at an 
important frequency level, was reported by Nadal et al. (1961 a and b), 
Wilson and Ryge (1963) and Mathewson et al. (1967). Nagai (1972) has 
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tested the weight loss of amalgams due to corrosion both in vivo and in vitro 
In a laboratory study Fusayama et al (1963) found that the contact of a gold 
alloy with a fresh amalgam restoration did not cause any disturbance of 
clinical significance with respect to the loss of luster of the gold alloy The 
decrease in marginal leakage that results from the formation of corrosion 
products in the interspace between the amalgam restoration and the cavity 
wall must be considered to have clinical significance (see e g Lyell et al, 
1964) 
Table 2 7 Classification of the papers dealing with the clinical significance of the 
corrosion of dental amalgam 
References Class of experiment 
E I CI LI Τ C2 L2 
NachUn(1954) 
Phillips (1957) 
Mumford (1960) 
Nadal et al (1961 a and b) 
Fusayama et al (1963) 
Wilson and Ryge (1963) 
Lyell et al (1964) 
Dreyer Jtfrgensen (1965) 
Mathewson et al (1967) 
Marxkors (1970) 
Dreyer Jtfrgensen (1972) 
Nagai(1972) 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
2.2.7 Viscoelastic properties 
In the literature under investigation only little information can be found on 
viscoelastic properties However, these properties seem to have a high degree 
of clinical significance 
Recently, Mahler et al (1970) found correlations between rheological proper­
ties, such as dynamic creep, static creep and slow compressive strength, and 
the incidence of marginal fracture As mentioned already in section 2 2 4, 
marginal breakdown of amalgam restorations probably is one of the most 
frequent types of failure under oral conditions, whereas the size of the margin 
enlarged by marginal fracture and the frequency of caries at those positions 
are correlated positively 
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Table 2.8. Classification of the papers dealing with the clinical significance of the 
viscoelastic behavior of dental amalgam. 
References Class of experiment 
E I CI LI Τ C2 L2 
Mahler et al. (1970) + + 
2.3 Conclusions 
This review results in the following conclusions (see also the tables 2.9 and 
2.10). 
a. The clinical relevancy of strength properties is not obvious for modern 
dental amalgam alloys and a sophisticated cavity design. In our opinion the 
importance of high strength values as determined on freshly set uncorroded 
amalgams with respect to bulk and marginal fracture under oral conditions 
is overestimated nowadays. 
b. The flow test is clinically not significant with respect to clinical failures, 
whereas its value in this respect is highly overestimated by research 
workers. 
с The clinical relevancy of hardness properties is not obvious at this time. 
d. Adaptation of a dental amalgam restoration is a clinical significant proper­
ty with respect to secondary caries; marginal breakdown probably being 
the most frequent type of failure under clinical conditions. 
e. The dimensional change of setting dental amalgam as determined by ADA 
Specification no. 1 is clinically not significant. 
Paradoxically even no correlation could be detected in laboratory experi­
ments between the data of dimensional change during setting of the 
material and adaptation to cavity walls in vitro. 
Delayed expansion is clinically significant although the frequency of 
occurrence is probably low nowadays. 
f. Corrosion or corrosion products of dental amalgam restorations are clini­
cally significant with respect to the loss of luster and esthetic quality, 
'galvanic pain', delayed expansion and probably with respect to the margi­
nal leakage. 
The frequency of occurrence of the loss of luster and esthetic quality is 
high, whereas that of delayed expansion and 'galvanic pain' probably is 
low. 
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No quantified information is available on the occurrence and significance 
of marginal leakage resulting from the precipitation of corrosion products 
in the interspace between restoration and cavity. 
g. Viscoelastic properties such as dynamic creep, static creep and slow 
compressive strength probably have a high degree of clinical significance 
for the marginal breakdown, which occurs frequently under oral condi-
tions. 
Finally, the remark may be made that no experiments of the classes C2 and 
L2 could be found in literature with respect to the failures of dental amalgam 
under oral conditions so that progress is still of the inductive type. 
Table 2.9. Summary of the clinical significance of properties of dental amalgam, 
frequencies of failure due to improper values of properties and the research 
effort invested in the experimental determination of those properties. 
Property 
strength 
flow 
hardness 
adaptation 
dimensional change during setting 
delayed expansion 
corrosion 
viscoelastic properties 
Ginical 
significance 
? * 
-
? 
+ 
+ 
+ 
+ 
Frequency of 
failure due to 
improver value 
of property 
? * 
-
7 
+ 
: 
+ 
+ 
Research effort 
in % of the total 
number of pro-
perties deter-
mined experi-
mentally 
22.0 
5.4 
5.1 
12.7 
9.9 
8.6 
1.6 
* + high 
- low or absent 
? questionable 
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Table 2 10 Percentage of total number of restorations showing up certain types of 
observable phenomena. 
Failure 
with 
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t o 
Clinical 
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observation time (year) 
1 2 3 0.25 0.5 0.5 1 
original 
"anato­
mical" 
shape 
and 
function 
isthumus 
fracture 
marginal 
fracture 
recurrence 
of canes 
dimensional 
change 
tarnish and 
corrosion 
color 
and 
appea- surface 
roughness ranee 
26 
54 
6-
22 
4-
31 
0.0-
0.4 
16-
62 
-
0.0-
0.4 
le­
ys 
-
0.7-
1.0 
17-
20 
0-
3 
14-
36 
-
9-
43 
-
1-
3 
19-
37 
2-
5 
1-
3 
16-
41 
2-
8 
3-
60 
-
19 0 
++ 
27-
64 
23-
67 
56-
59 
70-
100 
2- 2-
56 69 
history of the restorations unknown 
- phenomenon not included 
percentage of total number of failures 
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CHAPTER III 
ON THE CREEP OF DENTAL AMALGAM 
3.1 Introduction 
In designing machines or constructions to be operated at high temperatures 
engineers need to have a thorough knowledge about the creep resistance of 
materials at these temperatures. Although service temperatures in the human 
mouth are not high, it can be expected that dentists are confronted with the 
creep problem in the case of constructions made from dental amalgam. From 
technical literature it is known that the creep of a material plays an important 
role at temperatures higher than about half the melting temperature Т
т
. As 
T
m
 « 350 К for dental amalgam, the occurrence of a creep problem at mouth 
temperature can be expected on theoretical grounds. Recently, indications of 
such a problem were found indeed. Mahler et al. (1970) found a correlation 
between creep properties and the susceptibility of a dental amalgam restora­
tion to marginal fracture. As mentioned in Chapter II marginal breakdown of 
amalgam fillings probably is one of the most frequently occurring failures 
under clinical conditions. Mahler et al. (1970) pointed out that 'at this time, 
it would be premature to assume a cause and effect relationship between 
rheological properties and marginal fracture. It might prove that another 
factor is responsible and that creep is simply correlated to this other factor. 
However, such an eventuality would not diminish the significance of creep as 
a predictice parameter, and an approach for future investigation has hereby 
been established'. (For a discussion of the theories on marginal fracture see 
e.g. Vrijhoef and Driessens, 1972 a). At this time Mahler and his coworkers 
are extending their work on the relationship between creep and marginal 
fracture by the use of additional alloys (Driessens, 1972). 
In this chapter first a review will be given of the literature on creep measure­
ments of dental amalgam. Then a review of the theoretical creep models 
controlled by climb of dislocations and their repercussions on the form of the 
theoretical relation between the steady-state creep rate, applied stress and 
temperature will be given (section 3.3). In section 3.4 we will discuss the results 
obtained from literature. 
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3.2 Review of creep measurements on dental amalgam 
Oglesby et al. (1968), Dickson et al. (1968) and Vrijhoef and Driessens 
(1972 b) found that the steady-state creep rate of a dental amalgam can be 
described by equation (3.1). 
¿ = K I a m e e x p ( - U / k T ) (3.1) 
in which έ is the steady-state creep rate, σ is the applied stress, U is the 
activation energy, Τ is the temperature (K), Kj and m,, are constants of the 
material, and к is the Boltzmann constant. 
Oglesby et al. (1968) reported m
e
 = 3.92 and m
e
 = 3.99 at tensile stresses 
between 0.6 and 2.8 kgf/mm2 and a temperature of 230C (see table 3.1). 
Dickson et al. (1968) found m
e
 = 3.45 at the same stress level and tempera­
tures between 23 and 520C for the same dental amalgam, whereas Vrijhoef 
and Driessens (1972 b) determined m
e
 = 2.0 — 2.5 at compressive stresses 
between 5 and 17 kgf/mm2 and at a temperature of 280C for different 
amalgams. 
Table 3.1. m
e
 values according to equation (3.1.) as reported in literature. 
me 
3.92 
3.99 
3.45 
2.0-2.5 
Testing tem­
perature, 
23 
23 
23-52 
28 
0 C 
Stress, 
kgf/mm^ 
0.6-2.8 
0.6-2.8 
0.3-2.8 
5-17 
Remark 
tension 
tension 
tension 
compression 
References 
Oglesby et al. (1968) 
Ibid 
Dickson et al. (1968) 
Vrijhoef and Driessens 
(1972 b) 
Dickson et al. (1968) found the activation energy U to equal 148 kJ/K mole. 
Mahler and van Eysden (1969) found the creep rate of amalgams at constant 
applied stress and temperature to depend only slightly on mercury content 
(i.e. phase composition) for the range between 35 and 56 wt.% mercury, but 
strongly on the choice of the dental amalgam alloy* 
On the basis of test temperature and applied stress Dickson et al. (1968) 
concluded that the creep mechanism of dental amalgam is probably con­
trolled by the mechanism of climb of dislocations. 
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3.3 Creep controlled by climb of dislocations 
Alden (1969) reviewed the different climbing models. For a more complete 
discussion we refer to his paper. Equation (3.1) is valid for creep due to climb 
of dislocations which are piled up against certain obstacles. 
m
e
 can take the values 2; 3; 4 and 6 respectively, depending on the specific 
type of obstacle and strain hardening mechanism. 
For network and dispersed dislocation models, the steady-state creep rate can 
be described by 
e = К
 2 (σ m e /h) exp ( - U/kT) (3.2) 
where h = da/de is the coefficient of strain hardening and m
e
 can take the 
values 1 ; 3 and 4.5. The stress exponent in equation (3.2) can be modified by 
the strain hardening term which depends on the specific strain hardening 
mechanism. 
Nabarro ( 1967) considered the effective stress, i.e. the applied stress minus an 
internal stress component, to be the driving force for the climb of disloca­
tions. He assumed the internal stress to be independent of the position within 
each of the cristallites. In that case we may modify equation (3.1) and (3.2) 
by substituting (σ - σ 0) 0 for σ e.Thus we obtain the form 
é = K3 (σ - σ0) " Ч х р (- U/kT) (3.3) 
At a certain stress σ the equations (3.1) and (3.2) are equivalent with 
equation (3.3) if m
e
 satisfies the condition 
m
e
 = τη0σ/(σ - σ0) (3.4) 
as can be verified from equation (3.3). 
Dupouy (1970) pointed out that it is more likely that the internal stress 
component varies with position within the crystallites. Assuming the internal 
stress opposing the climb of dislocations to be a sine finction he obtained 
m
e
 = 3 a2 ¡{a1 —a1) for the model used by Nabarro (1967). 
Dupouy (1970) did not compute an average value of me for a polycrystalline 
material. His formula is valid for single cristalline material only. 
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FIG. III-l. Deformation-map for Tungsten (Ashby, 1972). 
3.4 Discussion 
Although not impossible a priori, the suggestion by Dickson et al. (1968) that 
the climb mechanism is the mechanism probably controlling the creep in the 
case of dental amalgam may be an oversimplification. By plotting σ/μ (μ is 
the shear modulus) against T/T
m
 Ashby (1972) showed that maps may be 
constructed, denoting the fields in which each of the different creep mecha­
nisms controls the creep of a material (see fig. 3.1). He pointed out that the 
construction of these so-called deformation-maps is possible only on the basis 
of a considerable number of reliable theoretical and experimental data. In the 
case of dental amalgam both theoretical and experimental data are poor and 
deficient. However, despite these déficiences the supposition of Dickson et al. 
(1968) might be investigated on its accordance with the general form of the 
deformation-maps given by Ashby (1972). An estimate may be made as 
follows. 
From tensile strength determinations it is known that the glide mechanism 
controls the deformation of dental amalgam at 7 kgf/mm2 approximately 
(Johnson and Wilsdorf, 1972). From the work of Ashby (1972) we may 
conclude that at T/Tm = 0.9, as occurring in the experiments by Dickson et 
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al. (1968), a ratio between the minimum stress of the dislocation glide field 
and that of the 'creep due to climb' field of 10 is to be expected. In fact, 
Dickson et al. (1968) found the activation energy of creep in tension to be 
independent of stress in the range between 0.3 and 2.8 kgf/mm2 at tempera­
tures between 23 and 520C. 
However, as a glide mechanism would have cross slip as its main cause, a 
decreasing activation energy should be expected with increasing stress for that 
mechanism (Friedel, 1964). Therefore, it seems unlikely that the glide mecha­
nism would control the creep in tension of dental amalgam in the according 
ranges of stress and temperature. Thus, there is some reason to accept that at 
tensile stresses between 0.3 and 2.8 kgf/mm2 the climb of dislocations 
controls the creep mechanism. 
For finding the actual mechanism controlling the creep of dental amalgam 
out of the whole group concerning the climb of dislocations, a considerable 
amount of, not yet available, theoretical and experimental data are required 
as follows from the above considerations. Detailed information about the 
type of climb model, type of obstacles, strain hardening mechanism and 
dislocation structure should be available to enable the verification of the 
stress and temperature dependence of the steady-state creep rate for a given 
climb model as follows from section 3.3. In practice, a lack of information on 
those micro-structural details makes the meaning of the climb theories for 
dental amalgam rather vague. Furthermore, we like to stress that the different 
climb theories summarized by Alden (1968) are derived for certain types of 
dislocation climb in single phase materials. At this time there is no group of 
theories or theoretical relations for the description of creep in multiphase 
material like dental amalgam. Therefore, from a theoretical point of view 
there is no guidance as to the kind of relation that should hold for this 
material. 
From a practical point of view equation (3.3) might be suitable because this 
relation might explain the large variation in apparent m
e
 values found by the 
different authors in the different ranges of stress levels (table 3.1). It might be 
necessary to adopt a 'real' internal stress which is at a level somewhere below 
the apparent applied stress. The systematic shift in m
e
 values reported by 
Dickson et al. (1968), Oglesby et al. (1968) and Vrijhoef and Driessens 
(1972 b) as a function of stress level is consistent with the expectations based 
on equation (3.3) and might be explained by the different effective stress 
levels, i.e. different σ/σ0 ratios. 
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Vrijhoef and Driessens (1971) applied a theory of Atkins et al. (1966) to 
compute creep data obtained in the 'normal way' from hardness as a function 
of the time the load was applied to the specimen. For not too small times of 
loading and a small initial depth of indentation Atkins et al. (1966) predicted 
for Vickers hardness 
p ~ n l e = At (3.5) 
where ρ is the Vickers hardness, t is the time the load was applied to the 
specimen, A is a constant and m
e
 is the same exponent as occurring in the 
viscous creep relation (3.1). In this way Vrijhoef and Driessens (1971) found 
m
e
 values which were consistent with the creep studies of Oglesby et al. 
(1968) and Dickson et al. (1968). Elsewhere, Vrijhoef and Driessens (1972) 
found the m
e
 values obtained both with hardness measurements and 'conven­
tional creep' to be consistent. Sannen (1972) confirmed the work of Vrijhoef 
and Driessens (1972). In addition he reported the same m
e
 value both for 
micro- and macro- (Vickers) hardness tests (see fig. 3.2). 
kgl/fnm* 
* micro-hardness 
τ 1 1 1 1 1 1 ι 1 
1 2 4 β 16 3 2 6 4 128 2 S 6 S12 
Loading tima minutes 
FIG. III-2. Vickers-haidness of dental amalgam as a function of the time the load is 
applied to the specimen (Sannen, 1972). 
The results found by Sannen (1972) for the macro- and the micro-hardness 
force the working hypothesis upon us that the decrease in hardness of dental 
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amalgam as a function of the time the load is applied to the specimen, might 
be determined by the low melting phases in the matrix of reaction products 
of mercury and alloy. The slight dependence of the creep rate at constant 
load and temperature on the quantities of the low melting phases γ , (Ag-Hg) 
and 72 (Hg-Sn) present in the amalgam, found by Mahler and van Eysden 
(1969), is consistent with this working hypothesis. 
In conclusion we might expect that the most promising equation describing 
the relation between the steady-state creep rate, applied stress and tem­
perature for dental amalgam is equation (3.3). Furthermore, it was formula­
ted as a second working hypothesis that the creep of dental amalgam is 
determined by the low melting matrix phases. 
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CHAPTER IV 
SOME EXPERIMENTS ON THE CREEP OF DENTAL AMALGAM 
4 1 Introduction 
In this chapter experiments are described on the steady — state creep rate and 
its dependence on applied stress and deformation temperature 
The reliability of equation (3 3) in describing the steady — state creep 
behaviour of six dental amalgams will be tested Also the working hypothesis 
formulated in Chapter HI that the creep of dental amalgam is determined by 
the low melting matrix phases γι (Ag-Hg) and ^
г
 (Hg Sn), is tested 
4 2 Materials and methods 
The dental amalgam alloys were triturated with mercury for 7 seconds with a 
Sdamai** mixing machine Cylindrical specimens were prepared according to 
the ADA Specification no 1 in its last revised form (ADA, 1970) (see 
fig 4 1) with two exceptions, necessary to obtain specimens with a different 
mercury content The triturated mass was kept under a load at a level 
between 0 4 and 7 8 kgf/mm2 instead of 1 4 kgf/mm2 whereas the time 
between the mixing and loading was 60 seconds instead of 30 seconds The 
mercury content of the specimens was determined from the alloy/mercury 
ratio used in the mix and the mercury expresed during packing (Dreyer 
Jtfrgensen and Nielsen, 1964) After annealing the specimens at 370C for one 
week approximately the cross sections of the test cylinders were ground 
under tapwater and polished with a 7 μπι diamond paste perpendicular to the 
cylinder axis while they were kept in cyhnderical molds with a slightly greater 
diameter Then the length and the diameter of each test specimen at 22 5 ± 
0 50C were determined at several positions with an accuracy of 1 μπι The 
reproducibility of the length as well as that of the diameter of the specimens 
determined at the different positions varied from 1 to 2 μιη 
The creep properties in compression were determined with a modified Rock­
well hardness tester *** The compression anvils were lubricated with a 
** Vivadent, Sthaan, Liechtenstein 
*** Wilson, New York, USA 
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FIG. IV-1 Mold for the preparation of amalgam specimens (ADA, 1970): (a) specimen 
(b) holder (c) spacer (d) die (e) spacer (0 plunger. 
mineral oil. A constant temperature was maintained by a flow of heated air 
through a temperature cabinet mounted on the hardness tester and containing 
the specimen. Air temperature was controlled using a thermistor and an 
electronic circuit. The temperature within the dental amalgam cylinder was 
determined using a thermocouple which was build in one of the compression 
anvils as close as possible to the specimen. Before the start of the creep tests 
it was checked that the temperature within the dental amalgam cylinder was 
equal to the temperature measured in the compression anvil within the 
accuracy of the temperature control. 
The temperature was maintained constant within ± 0.5oC. The creep tests 
were run for stresses within the range from 1 to 12 kgf/mm2 and at 
temperatures within the range from 20 to 550C. The strain as a function of 
time was recorded with a temperature corrected strain gauge extensometer 
(type G.51.16. M.A.)* and using the strain measuring circuit of an Instron 
TTCM testing machine.* 
The steady-state creep rate under the different experimental conditions varied 
between 0.4 χ 10"6/s and 60 χ 10~6/s. 
Six dental amalgams were selected on the basis of their phase composition 
(see Chapter VI). 
* Instron, High Wycombe, I.iiglünd 
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FIG. IV-2. Part of the modified hardness tester with an amalgam specimen and a strain 
gauge extensometer. 
4.3 Results 
For all the six dental amalgams the steady-state creep rate as a function of the 
applied stress and deformation temperature fit equation (4.1) which is equiva­
lent to equation (3.3) with m0 = 2 
έ = Κ(σ - σ 0 ) 2 exp (-U/kT) (4.1) 
In fact we used equation (4.2) which is equivalent with equation (4.1) 
a = b\/ έ + aQ (4.2) 
where b is given by 
b = exp (U/2kT)/V К (4.3) 
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At the different temperatures σ0 and b have been determined using equation 
(4.2) and a least squares program (see also fig. 4.3). The fit of the creep 
measurements can be estimated more or less from fig. 4.4 in which b \/ è is 
kgf /mm^ — — — - — 
v T ,-y> 
FIG. IV-3. A plot of / έ against σ for a specimen of one of the amalgams used in tins 
study. 
FIG. IV-4. A plot of b / é versus a - a for a sample of amalgam 1. 
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plotted against σ — σ0 for a sample of one of the dental amalgams. A better 
estimation of the fit of the creep measurements to equation (4.2) could be 
derived from the values of the correlation coefficients which were very near 
to 1. Using the Z-transformation according to Fischer (Beyer, 1968) the 95% 
confidence interval of the correlation coefficient was computed to be ρ = 
0.994 + 0.001. Because of rounding off errors of the r values and because of 
the fact that the Z-transformation method is valid only for values smaller than 1, 
r values between 0.999 and 1.000 were replaced by г = 0.999 to enable the 
reading of the Ζ value from the table given by Beyer (1968). 
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FIG. IV-5. A plot of ln(b/b0) versus 103/T for amalgam no. 1 ( b 0 = 10 3 kgfs 2 /mm 2 ). 
In fig. 4.5 b is plotted as a function of 1/T for one of the samples. U was 
computed from In b as a function of 1/T using a least squares program. We 
were unable to compute the 95% confidence interval of the ρ value as a 
measure for the fit of In b against 1/T to a straight line because the r-values 
were very near to 1.000. 
The ρ value is somewhere between 0.999 and 1.000. In table 4.1 the mean 
value and standard deviation of U, b' and σ^ (i.e. b and σ0 at 22.50C) 
computed from 3 samples have been given. We took b' instead of К because К 
is statistically dependent on U through the extrapolation to 1/T -»· 0 in the 
least squares program (see fig. 4.6). 
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FIG. IV-6. A plot of U/2k versus ln(K/K0) for the dental amalgams given in table 4.1. 
( K 0 = e"3 8mm2/kgfs) 
A studentized range test at the oc= 0.05 level on U did not reveal differences. 
However, a studentized range test at the a = 0.05 level on b' revealed 
differences. A test of Friedman at the a = 0.05 level on the a0 values as a 
function of temperature of the amalgams given in table 4.1 revealed the σ0 
values of the amalgams 1, 5 and 6 to be significantly dependent on tempera­
ture, whereas the σ0 values of the alloys, 2, 3 and 4 dit not depend on 
temperature. The discriminatory power to detect differences between the 
mean values of σ0 is low due to the influence of the extrapolation procedure 
y/é + O. In any way, if the dependence of σ0 on Τ is apparent, it is only 
slight. 
Table 4.1. The mean value and standard deviation of U, b' and a' computed from 3 
samples for six different amalgams. 
Amai- Wt. % Hg U 
gam 
σ
ό 
27 
34 
36 
33 
37 
35 
kJ/Kmole 
109.0 
110.0 
107.0 
108.0 
110.8 
106.2 
1.3 
1.4 
3.6 
4.2 
3.5 
3.7 
103 
3.12 
7.38 
3.95 
3.41 
5.07 
6.12 
kgf/mm 
0.10 
0.09 
0.23 
0.31 
0.23 
0.16 
kgf/mm^ 
1.22 0.31 
0.69 0.34 
0.55 0.27 
0.48 0.21 
1.03 0.14 
0.59 0.15 
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FIG IV-7 Values of b', computed from 3 samples, as a function of 
amalgam no 5 
mercury content for 
In fig. 4.7 the dependence of b' on mercury content for amalgam no. 5 is 
plotted A studentized range test at the 0!= 0 05 level on the mean values b' 
revealed no differences The same result was obtained for the alloys 1, 3 and 
6 (see table 4.2). For the amalgam no. 2 a slight decrease was detectable for 
a mercury content between 48 and 53 wt %, whereas amalgam no 4 revealed 
a slight decrease for a mercury content between 33 and 41 wt % 
For the experiments in determining the dependency of b' on mercury content 
mercury was used from another lot The first experiments with mercury of 
this lot indicated that b' is dependent on the lot of mercury Therefore this 
factor was studied briefly The results for amalgam alloy no 6 are summa­
rized in table 4 3. 
Table 4 2 Summarized results of the dependency of b ' on mercury content of the 
different dental amalgams 
Amalgam 
No significant differences Significant differences 
mercury content in wt % 
Remarks 
1 
2 
3 
4 
5 
6 
2 7 < x < 5 3 
3 4 < x < 4 8 
3 6 < x < 5 8 
4 1 < x < 5 6 
3 7 < \ 4 5 7 
3 5 < x < 4 6 
48< x < 5 3 
33< x < 4 1 
— 
slight decrease with in­
creasing mercury content 
slight decrease with de­
creasing mercury content 
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Table 4.3 Ъ' ,s,,and и (degrees of freedom) in the case of amalgam no. 6 for the 
different types of mercury. 
Type of mercury 
supplied on dental market 
mercury purum 
mercury purum + 1 wt. % Zn 
Wt. %Hg 
35 
35 
36 
35 
40 
6.12 
7.27 
9.02 
8.94 
12.69 
0.16 
0.31 
0.12 
0.14 
0 60 
2 
2 
2 
2 
1 
4.4 Discussion 
The relation between the steady-state creep rate, the applied stress and 
deformation temperature for six dental amalgams could be described by 
equation (4.1). Up till now in dental literature creep measurements were 
fitted to equation (3.1). The fit of the measurements of Oglesby et al. (1968) 
and Dickson et al. (1968) to equation (4.1) can be derived from a plot of σ — 
σ0 against b V e. In fig. 4.8 a replot is given of their measurements. In fig. 4.9 
k« 
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FIG. IV-8. Replot of the experimental results obtained by Oglesby et al. (1968) and 
Dickson et al. (1968) in terms of σ - σ
ο
 versus b / é . 
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FIG. IV-9. Replot of the experimental results reported by Vrijhoef and Driessens (1972) 
in terms of σ - σ0 versus b / é 
a replot has been given for the measurements of one of the samples of 
Vrijhoef and Driessens (1972). It might be concluded that the fit is satisfac-
tory for the measurements of Oglesby et al. (1968), Dickson et al. (1968) and 
Vrijhoef and Driessens (1972). 
No differences could be detected between the mean values of the activation 
energies of the six amalgams, the overall mean being 108.5 kJ/Kmole. The 
value of U = 108 ± 6 kJ/Kmole, found from a replot of the measurements of 
Dickson et al. (1968) is consistent with our experiments. This is an indication 
for the fact that only one creep mechanism is effective in the range of 
experimental conditions. The value of b', i.e. b at 22.50C, depends strongly 
on the choice of the dental amalgam alloy. Although no significant differ-
ences could be detected for the mean values of the activation energy U, the 
possible differences of U could account for the differences of the b' values. 
The measurements revealed b' to be independent of the mercury content 
except for the amalgams 2 and 4. The measurements revealed b' to be 
independent of the mercury content over a large range of compositions. In 
that range the content of low-melting phases which are the least creep 
resistant and form a contiguous matrix, varies from about 50 to 90 vol.%. In 
combination with the fact that the activation energy for creep is the same for 
the different amalgams the conclusion may be drawn that the low melting 
. / * 
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phases determine the creep behaviour of dental amalgam indeed.
Amalgams no. 2 and 4 show significant changes of b ' at the high and low side 
of mercury contents respectively. This behaviour might be explained in the 
following way.
— uk
Amalgam specimens can be prepared only over a limited range of mercury 
content. At a high mercury content the handling characteristics of the 
specimens are very bad, which originates in the plastic character of the 
amalgam at the time the specimens must be removed from the packing 
mold. (Therefore, the specimens may be damaged in such a way that they are 
not suitable for the creep test). In that case a higher creep rate, and lower b', 
is expected, which is consistent with the experimental results (amalgam 2). 
With increasing condensation load the mercury content of the amalgam 
specimens decreases to a certain limit determined by the ultimate interaction 
between the relatively hard y particles. It seems probable that the decrease in 
b ' with decreasing mercury percentage in amalgam no. 4 originates in the 
interaction between the high melting y particles. At this time a theoretical 
explanation of the probable slight dependency of a0 on testing temperature is 
not fruitful.
It was found that mercury is an important factor for the creep properties of 
hardened dental amalgam. It appeared that batch differences in a commercial 
dental mercury caused considerable creep differences. Further research to 
investigate the relation between the chemical composition of the mercury and 
the creep behaviour of dental amalgam is necessary.
In conclusion, the dependency of the steady-state creep ratef on| applied 
stress and deformation temperature of both the experimental results reported 
in this thesis and the experiments reported in literature could be described 
satisfactory by equation (4.1) which is equivalent with equation (3.3) for 
m0 = 2.
Furthermore it was confirmed that the creep of dental amalgam is determined 
by the low melting phases.
phases determine the creep behaviour of dental amalgam indeed. 
Amalgams no. 2 and 4 show significant changes of b' at the high and low side 
of mercury contents respectively. This behaviour might be explained in the 
following way. 
Amalgam specimens can be prepared only over a limited range of mercury 
content. At a high mercury content the handling characteristics of the 
specimens are very bad, which originates in the plastic character of the 
amalgam at the time the specimens must be removed from the packing 
mold. (Therefore, the specimens may be damaged in such a way that they are 
not suitable for the creep test). In that case a higher creep rate, and lower b', 
is expected, which is consistent with the experimental results (amalgam 2). 
With increasing condensation load the mercury content of the amalgam 
specimens decreases to a certain limit determined by the ultimate interaction 
between the relatively hard γ particles. It seems probable that the decrease in 
b' with decreasing mercury percentage in amalgam no. 4 originates in the 
interaction between the high melting 7 particles. At this time a theoretical 
explanation of the probable slight dependency of a 0 on testing temperature is 
not fruitful. 
It was found that mercury is an important factor for the creep properties of 
hardened dental amalgam. It appeared that batch differences in a commercial 
dental mercury caused considerable creep differences. Further research to 
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CHAPTER V 
REVIEW ON STRUCTURAL DATA OF DENTAL AMALGAM AND ITS 
ALLOY PHASES 
5.1 Introduction 
Knowledge about the microstructure of alloys is very important to have 
insight in their properties and to understand the dependence of those proper­
ties on heat treatments, handling variables, etc. This general consideration 
seems to be of equal importance for dental amalgam as it has been proven for 
other materials. Much information can be obtained about microstructural 
parameters by means of quantitative microscopical and X-ray diffraction 
techniques. In the case of dental amalgam some typical problems have been 
arisen for the quantitative microscopical techniques: 
— the yl (Ag-Hg) and y2 (Hg-Sn) phase are finely dispersed and occur both 
in the matrix and in the origina^ (Ag-Sn) particles (Dietrich, 1972). 
— the polishing procedures may induce 'apparent' porosities, originating in 
the relief polishing of the 7 2 phase (see e.g. Otani and Dreyer J^rgensen, 
1967). 
— etching procedures seem to result in preferred etching out of some phases 
(see e.g. Schmitt, 1960; Dreyer J^rgensen and Saito, 1970). 
— during the polishing procedures mercury can be released from the amalgam 
phases or smeared out in the hardening amalgam. The released mercury 
can react with the remaining γ particles (Dietrich, 1972). 
— within the remaining γ particles porosities, originating in the Kirkendall 
effect or in the original porosity of the y particles may exist (Dietrich, 
1972; Sannen, 1972). 
The problems mentioned above probably are the reason for a rather complete 
absence of reliable quantitative microscopical studies on dental amalgam. 
Some of the reasons that hinder the collection of reliable quantitative 
microscopical data do not hold for X-ray diffraction techniques. However, 
other problems such as the interference of the diffraction peaks of different 
phases and the degree of dispersion of some phases present in dental amalgam 
occur. Therefore reliable microstructural data derived from X-ray diffraction 
experiments are also almost absent. Most attention has been paid to the alloy 
phases of dental amalgam in the binary systems. For the investigation of the 
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phases relevant to dental amalgam most authors used explicitly or implicitly 
the information given in the Ag-Hg-Sn isothermal sections given by Knight 
and Joyner (1913) and by Gayler (1937) (fìg. 5.1 and fig. 5.2 respectively). 
In this chapter a review will be presented on the alloy phases found in the 
isothermal sections given in fig. 5.1 and fig. 5.2 and occurring in dental 
amalgam and in the binary systems. 
Furthermore, points of analogy and of difference between the Ag-Hg-Sn 
system and dental amalgam will be indicated. 
FIG. V-l. Isotherm of the Ag-Hg-Sn system (Knight and Joyner, 1913) at 630C. 
Sn 
9 0 / \ l O 
io/ / W'2**2 
Ag 
.o/ f* /),
 м
^ _ \
 )Vl iq V 9 0 
10 20 30 40 50 601 70 80 90 
fliTi 
- H g 
FIG. V-2. Section of the Ag-Hg-Sn system (Gayler, 1937) at 70oC. 
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S.2 Review on the phases in dental amalgam 
5.2.1 The γ (Ag3Sn) phase 
The 7 phase is the most important phase present in dental amalgam alloys. 
Information on the formation of this structure from its components silver and 
tin can be obtained from fig. 5.3. 
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FIG. V-3. Equilibrium diagram of the Ag-Sn system. 
Murphy (1926) reported a hexagonal close-packed structure with a = 2.98 À 
and c/a= 1.61. 
In a discussion of Murphy's paper Hume-Rothery stressed the fact that the 
structure contains two atoms per unit cell which is not consistent with the 
ratio of three silver to one tin atom. 
Niai et al. (1931) and Fairhurst (1966) found an orthorombic structure. 
Fairhurst (1966) found a unit cell double that found by Niai et al. (1931). 
Their lattice parameters have been given in table 5.1, which also contains 
information on the chemical composition, phase composition and thermal 
history. Based on single crystal work Fairhurst (1966) found the space group 
to be Pmmn, whereas he also reported this ordered structure to be maintained 
at temperatures between 25°C and 1750C. 
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Table 5 1 Information on the lattice constants ot the γ phase in dental amalgam alloy 
as repotted in literature 
Lattice constants, Â 
a 
2 991 
2 991 
2 995 
3 000 
3 000 
5 968 
b 
5 154 
5 154 
5 159 
5 164 
5 164 
5 184* 
с 
4 781 
4 781 
4 781 
4 781 
4 781 
4 780* 
Chem 
comp 
wt %Sn 
20 4 
23 3 
25 0 
26 0 
38 5 
25 0 
Phase 
comp 
γ + β 
Ibid 
7 
Ibid 
γ+Sn 
7 
Thermal history 
n
 hr at 400° С 
Ibid 
Ibid 
Ibid 
Ibid 
15 5 hr at 300° С 
Reference!, 
Nial et al (1931) 
Ibid 
Ibid 
Ibid 
Ibid 
Fairhurst(1966) 
* The b and с values have been interchanged with respect to the paper of Fairhurst 
(1966) 
It must be pointed out here that Murphy (1926) detected a break in the 
resistivity-temperature curve of Ag3Sn on heating and cooling in the neigh­
bourhood of 60°С 
No information is available on the lattice parameters of the γ phase in dental 
amalgam in the presence of the 7! and 72 phase Mahler (1971) determined 
the chemical composition of the γ phase present in a dental amalgam with the 
electron imcroprobe. It contained less than 3% Cu or Zn by weight. 
5.2 2 The 7 ! (Ag-Hg) phase 
As back-ground information the silver-mercury equilibrium diagram has been 
given in fig 5 4 X-ray diffraction data revealed the I 23 space group to be 
correct for the 71 phase of the silver-mercury system (Fairhurst, 1966, Baird 
and Muller, 1969, Andersen and Jensen, 1971) The I 23 space group was 
confirmed by Jensen (1972 a) with neutron diffraction 
The crystal structure is supposed to be of the 7 brass type, a defective 7-brass 
type or a disordered 7-brass type (Werhyha, 1926 cit loc Murphy and 
Preston, 1931, Goldschmidt, 1927, Westgren in Murphy and Preston, 1931, 
Stenbeck, 1933, Fairhurst, 1966, Andersen and Jensen, 1971, Jensen, 
1972 a) In the system silver-mercury several authors reported lattice para­
meter values which have been collected in table 5 2 Chemical formulas have 
been proposed as Ag4Hgs (Murphy and Preston, 1931), Ag3Hg4 (Ogg, 
1898, Murphy and Preston, 1931), Ag2Hg3 (Beman and Harcourt, 1938, 
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FIG. V-4. Equilibrium diagram of the Ag-Hg system. 
Fairhurst, 1966), AgnHgjs (Andersen and Jensen, 1971; Jensen, 1972 a) 
and Ag5Hg8 (Stenbeck, 1933). 
Ogg (1898) used two different procedures to determine the structure formula 
of the γ, phase. 
Firstly, he measured the loss in weight of amalgam and mercury during 
evacuation, whereas he derived the vapor pressure of mercury over the Ag-Hg 
amalgam using the theory of Stefan for the rate of vaporization. From a plot 
of the calculated vapor pressure against the mercury content Ogg (1898) 
derived the chemical formula Ag3Hg4. 
In a second method which is the reverse of the first Ogg (1898) placed silver 
in an atmosphere of mercury vapor. From the gain in weight in the equili­
brium condition he confirmed the formula to be Ag3Hg4. 
Beman and Harcourt (1938) reported a formula of Ag2Hg3 on the basis of 
chemical analysis of silver amalgam of mineral origin. 
Murphy and Preston (1931) proposed their formulas on the basis of compo­
sitional, thermal, microscopic and X-ray measurements. 
Fairhurst (1966) derived the formula Ag2Hg3 for the yl phase at equilibrium 
with mercury on the basis of chemical analysis and a determination of the 
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Table 5 2 The lattice constants of the y, phase in the binary Ag-Hg system as reported 
in literature 
Lattice 
para­
meter 
A 
10 0 
10 052 
10 034 
10 045 
10 036 
10 053 
10 035 
10 053 
10 051 
10 049 
10 046 
10 039 
10 03 
10 047 
10 046 
9 998 
10 04 
Phase 
compo­
sition 
7 
У + hq Hg 
y + ß 
У 
γ+·> 
У 
ß + y 
У + hq Hg 
У 
Ibid 
Ibid 
y + ß 
У 
У + hq Hg 
y+ ι 
Ibid 
Che m comp 
wt %Ag 
29-30 
-
-
26 
27 
2 5 4 0 
35 
25 
28 
34 
40 
34 
20 7-32 5 
-
-
-
Thermal history 
17 weeks at 100° С 
' months at 100° С 
Ibid 
Ibid 
natural amalgam found 
in Landsberg, Pfalz 
10 minutes at room temp 
before x-ray exposure 
12 weeks at 100° С 
Ibid 
1 month at room temp 
Ibid 
Ibid 
1 month room temp + 
I h r art 130°С 
alternate annealing at 
95-100° С and pressing 
at 40 T/cm 2 
Loohngfrom 120° С to 
30° С in 3 weeks 
reaction between mercury 
and an aqueous solution 
of silver nitrate 
MoschelUandsbergite 
References 
Murphy and Preston 
(1931) 
Stenbeck(1933) 
Ibid 
Ibid 
Heide (1937) 
Troiano (1938) 
Ibid 
Ibid 
Winterhager and 
Dreiner(1960) 
Ibid 
Ibid 
Ibid 
Kuhginetal (1967) 
Andersen and 
Jensen (1971) 
Ibid 
Berry (1971 a) 
Berry (1971b) 
lattice parameter. 
Stenbeck (1933) proposed AgsHgg on the basis of an anology with the 
7-brass structure. Using information on the lattice parameter, chemical com­
position and density Andersen and Jensen (1971) proposed the formula 
Ag, jHgjs for the 7 ! phase in equilibrium with liquid mercury No informa­
tion is available about the chemical formula of the у γ phase in equilibrium 
with the /3 phase 
Johnson (1967 a) showed the time in which equilibrium between t h e ? ! and 
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β phase of the Ag-Hg system would have been reached at room temperature 
to be very long The work of Johnson (1967 a) is consistent with expenments 
of Troiano (1938) and Winterhager and Dremer(1960) 
In table 5 3 we have collected information on the lattice parameters of the y ι 
phase, obtained from commercial amalgam alloys by reaction with mercury, 
reported in literature The chemical composition of the y ι phase in certain 
dental amalgams, has been reported by Mahler (1971) and Okabe et al 
(1972) 
Table 5 3 Lattice parameters of the y. phase in dental amalgam as reported in literature 
a in Â Chem Phase Thermal history References 
comp comp 
wt %Hg 
10 046 60 20 y + yl + γ 2 a independent of Hg- Troiano (1938) 
10 053 content However depen­
dent on trituration time 
at room temp No change 
after 15 days annealing 
at room temp 
10 048 50 Ibid 3 mm trituration at Ibid 
room temp 
10 032 50 Ibid As before + 12 weeks at Ibid 
68 5° С 
10 00 — crystals grown on dental Rygeetal (1953) 
amalgam alloy at room 
temp 
10 034 7 + yl
+72 Pihl and Beasly (1968) 
10 043 y. + 7 , coolmg in three weeks Andersen and Jensen 
from 120° С to 30° С (1971) 
5.2.3 The У2 (Hg-Sn) phase 
For information on the equilibrium diagram of the mercury-tin system we 
refer to fig 5 5 
From the work of von Simson (1924), Stenbeck (1933), Raynor and Lee 
(1954), Winterhager and Dreiner (1961), Fairhurst and Ryge (1962), Smith 
(1969), Cummins and Bemdt (1969) and Supnmck (1971) it might be 
concluded that the у2 phase is a solid solution of mercury in tin between 5 
and 12 at % mercury having a simple hexagonal structure 
Stenbeck (1933) suggested that the structure is orthorombically distorted at 
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FIG. V-5. Equilibrium diagram of the Hg-Sn system. 
8.8 at.% mercury. Cummins and Bemdt (1969) could not confirm this 
'proposed' structure. 
The lattice constants obtained by the different authors are given in table 5.4. 
The numerical values reported by Winterhager and Dreiner (1961), Fairhurst 
and Ryge (1962) and Smith (1969) were obtained by readings from graphs 
given in their papers. 
In table 5.5 we have collected information on the lattice parameters of the fi 
phase, obtained from commercial amalgam alloys, reported in literature. 
Mahler (1971) reported the chemical composition of the 72 phase present in 
two types of dental amalgam. 
From a so-called dispersant alloy which contained Ag-Cu eutectic particles 
Mahler (1971), Asgar(1971), Sarkar and Greener (1972 a and b) and Vrijhoef 
and Driessens (1973) obtained an amalgam by reaction with mercury, of 
which they proved the 72 phase to be present in very small quantities or to be 
absent. 
5.2.4 Other phases 
Johnson (1967 a) reported a 'γ -> /3 transition' in dental amalgam at tempera­
tures of 37°C and 60oC, whereas he could not detect this transition at room 
temperature. He remarked that the 7 and /3 phases in dental amalgam are 
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Table 5 4 Information on the lattice parameters of the 7- phase in the binary Hg-Sn 
system as reported in literature 
Lattice constants, Λ 
с 
2 99 
2 986 
2 987 
2 9916 
2 9752 
2 9732 
2 9718 
2 9683 
2 9675 
2 9678 
2 9680 
2 9685 
2 9675 
2 995 
2 991 
2 987 
2 985 
2 983 
2 983 
2 983 
-
-
a 
3 18 
3 204 
3 202 
3 2127 
3 2161 
3 2100 
3 2080 
3 2042 
3 2036 
3 2039 
3 2048 
3 2044 
3 2044 
3213 
3 211 
3 207 
3 204 
3 204 
3 205 
3 205 
-
-
с/а 
0 94 
0 932 
0 933 
0 9312 
0 9251 
0 9262 
0 9263 
0 9264 
0 9263 
0 9263 
0 9264 
0 9264 
0 9261 
09321 
0 9314 
09311 
0 9316 
09310 
0 9307 
0 9307 
0 93140 
09311° 
0 9308 4 
Chem 
comp 
at %Hg 
7 7 
4 9 
8 8 
7 19 
3 0 
6 8 
9 4 
12 9 
14 8 
26 6 
28 3 
37 2 
46 9 
6 
8 
10 
12 
14 
16 
20 
8 66 
7 00 
5 27 
Phase 
comp 
-
-
7 2 +Sn 
Ъ 
Ibid 
7 , + hq Hg 
Ibid 
Ibid 
Ibid 
Ibid 
Ibid 
Ъ 
Ibid 
Ibid 
Ibid 
7 2
 +
 liqHg 
Ibid 
Ibid 
Ь 
Ibid 
γ , + S n 
Thermal history 
14 months 
at 18 20° С 
Ibid 
Ibid 
Ibid 
Ibid 
Ibid 
14-22 days 
at 18 20° С 
Ibid 
Ibid 
150° С 14 hi, 
170° С 18 hr 
Ibid 
150° С 14 hi 
150oC-62hr 
Ibid 
100° С 24 hr 
Ibid 
depending on 
comp 48 hr at 
100° С or higher 
Ibid 
Ibid 
References 
von Simson (1927) 
Stenbeck (1933) 
Ibid 
Raynoi and Lee 
(1954) 
Winteihagei and 
Diemer(1961) 
Ibid 
Ibid 
Ibid 
Ibid 
Ibid 
Ibid 
Ibid 
Ibid 
Fairhurst and 
Ryge(1962) 
Ibid 
Ibid 
Ibid 
Ibid 
Ibid 
Ibid 
Smith (1969) 
Ibid 
Ibid 
Table 5 5 Lattice parameters of the γ- phase in dental amalgam as reported in literature 
Lattice constants m Λ 
с а с/а 
2 992 3 206 0 933 
Chem 
comp Phase 
wt %Hg comp 
Thermal history References 
Τ
 + 71 + γ 2 Pihl and Beasly (1968) 
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indistinguishable by X-ray diffraction studies. The following citation is impor­
tant: 
'It appears quite conclusive, however, that the increase in peak intensities was 
due to an increase in β rather than γ . . . ' 
Johnson (1967 a) gave the following grounds for his conclusion to a γ ->· β 
transition: 'First, the great similarity in increased peak intensities between 
dental amalgam and silver amalgam under the same conditions, could hardly 
be coincidental. Second, higher temperatures greatly increased the transition 
rate of γ -»• β in dental amalgam or у1 -> β in (Ag + Hg) amalgam. Exactly 
the opposite would be expected for ay increase in dental amalgam, since this 
could only be caused by a recombination of Ag + Sn'. Similar experiments 
were carried out by Otani (1970) and Otani et al. (1970). 
Using an electron microprobe analyzer Mahler (1971) determined the compo­
sition of the phases in dental amalgams obtained from a dispersant and a 
conventional dental amalgam alloy. The dispersant amalgam alloy contained 
Ag-Cu eutectic particles in addition to conventional amalgam alloy particles. 
Mahler (1971) determined the chemical composition of the reaction ring 
formed around those eutectic particles by reaction with mercury. As can be 
computed from the data in his slide 8 this reaction ring contains mainly 
Cu 6Sn s . Asgar (1971) determined the composition of the reaction ring 
qualitatively. His results are consistent with those of Mahler (1971). 
Using a dispersant alloy Vrijhoef and Driessens(1973) confirmed the work of 
Mahler (1971) with X-ray diffraction techniques, whereas they also detected 
the formation of the Cu6Sn s structure in dental amalgams originating in 
dental amalgam alloys containing the CusSn phase. The latter was confirmed 
by Jensen and Andersen (1972). 
Vrijhoef and Driessens (1972) reported the occurrence of the C^Sn, the 
Cu6Sns or the Sn phase or combinations of those phases in commercial 
dental amalgam alloys. The combinations of the phases present in dental 
amalgam were consistent with the work on the Ag-Cu-Sn system by Gebhardt 
and Petzow (1959) and Jensen (1972 b). 
No systematic X-ray diffraction data are available on the presence of the β 
phase in dental amalgam alloys, which might be explained by the great 
similarity of the X-ray patterns of both the γ and the β phase of the Ag-Sn 
system. 
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5.3 Dental amalgam versus the Ag-Hg-Sn system 
Many authors have treated dental amalgam according to the silver-mercury-tin 
equilibrium diagram. Gayler (1937) was the first who reported an extensive 
study on the ternary Ag-Hg-Sn system. She has given isothermal sections for 
temperatures of 100oC) 84
0C and 70oC. In fig. 5.2 Gayler's 70oC isotherm of 
the Ag-Hg-Sn system is plotted, whereas the Ag3Sn-Hg section according to 
Gayler(1937) is given in fig. 5.6. 
Fairhurst (1966) proposed a somewhat modified Ag3Sn-Hg section (fig. 5.7). 
Fairhurst remarked that 'Insufficient data are available to completely redraw 
the diagram; however, the region of interest for dental amalgam lies in the 
region below the 70°C isotherm'. Both the Ag3Sn-Hg section reported by 
7S<r 
650-
550. 
4S0-
350. 
temp С 
250. 
ISO. 
50. 
- 5 0 , , , , , , 
0 10 20 30 40 50 60 70 80 90 100 
Afl^Sn Weight per cent mercury Hg 
FIG. V-6. Ag3Sn-Hg section of the Ag-Hg-Sn system according to Gayler (1937) Phase 
boundaries which arc not consistent with the Palatnik-Landou rule (Prince, 1966) are 
marked with -». 
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П«<2 + '"1 
О tO 20 30 40 SO 60 70 80 90 100 
AQ.Sn Weight per cent mercury Hg 
FIG. V-7. Ag3Sn-Hg section of the Ag-Hg-Sn system according to Fairhurst (1966). 
Phase boundaries which ate not consistent with the Palatnik-Landou rule (Prince, 1966) 
are marked with -»·. 
FIG. V-8. Isothermal section of the Ag-Hg-Sn system at temperatures between 20 and 
40 o C as proposed by Dietrich (1972). 
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Gayler (1937) and the modified Ag3Sn-Hg section proposed by Fairhurst 
(1966) are contradictory to the observations made by several authors who 
reported the γ, 7! and 72 phase to be present in dental amalgam (Ryge et al., 
1957; Allan et al., 1965; Wing and Ryge, 1965 a and b; Otani and J^rgensen, 
1967; Greener et al., 1968; Pihl and Beasly, 1968; Radies, 1970; Asgar, 1971; 
Mahler, 1971, Mateer and Reitz, 1971). Most authors do not discuss the 
forementioned inconsistency. Some authors have explained the inconsistency 
by the fact that the dental amalgam system is not in thermodynamic equili­
brium (Johnson 1967 a; Johnson and Wilsdorf, 1969). 
As already mentioned in section 5.2.4 Johnson (1967 a), Otani (1970) and 
Otani et al. (1970) reported a 'γ-> (3 transition' in dental amalgam at 
temperatures between 370C and 70oC. 
Dietrich (1972) proposed an isothermal section of the Ag-Hg-Sn system as 
given in fig. 5.8. At 550C there should be an invariant reaction γ + 7i ->/3 + 
72. The invariant reaction has been detected by dilatometrie studies (Die­
trich, 1972). 
Using an electron micro-probe analyzer Johnson (1967 a), detected the pre­
sence of a considerable amount of the β phase in a dental amalgam sample 
heated for 6 months at 60°C. So far the review on the Ag-Hg-Sn system. 
From the work of Ryge et al. (1957) it might be concluded that a treatment 
of dental amalgam according to the Ag-Hg-Sn ternary system is rather 
simplistic. In table 5.6 the ratio of the intensities I71/I72 (corrected for 
background) of two reflections of the yl and 72 phase respectively, compu­
ted from the work of Ryge et al. (1957) has been collected. The numerical 
data were derived from their data on two different amalgams made under 
different trituration and condensation conditions in their tables VII and VIII. 
The experimental data in table 5.6 show that I71/I72 is rather constant within 
one type of dental amalgam, whereas the ratio I71/I72 is significantly 
different between the two different types of amalgam. 
Johnson (1970 and 1971) showed that considerable amounts of tin can be 
present in the 7] phase in the Ag-Hg-Sn system. 
Table 5.6. Intensity ratio for two reflections of the 7 . and γ_ phase in dental amalgams 
made under different experimental conditions accordingto Ryge et al. (1957). 
Amalgam 1 ^ д у^ 
1 7.3 7 6 7.2 8.2 
2 13.7 12.9 12.7 111 
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Mahler (1971) and Okabe et al. (1972) detected Sn qualitatively in the 7, 
phase of dental amalgam. Mahler(1971), Asgar(1971) and Suftin and Ogilvie 
(1972) showed that the y χ and γ2 phases also may contain detectable 
amounts of Cu and/or Zn. 
As already mentioned in section 5.2.4 the formation of the Cu6Sn5 phase has 
been detected in amalgams obtained from dispersant amalgam alloys and 
from amalgam alloys containing the C^Sn phase. 
It must be remarked here that several authors were unable to detect the 
presence of the y phase in the surface layers of a dental amalgam (see e.g. 
Winterhager, 1955; Wing and Ryge, 1965 a and b). One of the 'reasons' that 
were put forward was the fact that mercury-tin crystals formed on the surface 
demonstrated a preferred orientation to grow in the (Oil) plane (see e.g. 
Wing and Ryge, 1965 b; Wing, 1971). 
5.4 Discussion 
5.4.1 Phases present in dental amalgam 
Lattice parameters of the y phase in the silver-tin system reported by Niai et 
al. (1931) and Fairhurst (1966) are inconsistent, whereas the chemical com­
positions of the silver rich and tin rich side of the 7 phase field have been 
determined rather inaccurate. A refinement of the space group as done by 
Fairhurst (1966) is meaningful only in combination with the determination 
of the density, the chemical composition and possibly the stability range. No 
data could be found dealing with the consequences of the diffusion of 
mercury into the 7 particles for the crystal structure of the 7 phase in dental 
amalgam although pre-amalgamation of the alloy is a wide spread convention 
in dental industry and the solubility of mercury in this phase is 3% or more. 
Except for the work by Murphy (1931) and ASTM Card Nr. 6-0565 on Silver 
Amalgam (Berry, 1971 a), the lattice parameters, a, of the 7, phase in the 
silver mercury system reported in literature are consistent: 10.03 < a < 
10.05. However, inconsistent are the reported chemical compositions of the 
7! phase at the β + 7, /yi and the 7, /7! + Hg boundary. One of the problems 
in determining the j3 + 71/7i boundary might be the long times to obtain 
thermodynamic equilibrium (Johnson, 1967 a). Unfortunately, insufficient 
information is available in Metals Abstracts about the work of Kuligin et al. 
(1967) (Cit.loc. Met. Abstracts) as it might explain the inconsistency of the 
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chemical composition of the γι phase at the β + УіІУі boundary with the 
other reported values. 
At the mercury rich side of the γι phase field another problem arises. 
In 1898 Ogg reported that it is very difficult to remove liquid mercury from 
the surface of the γ ! crystals, inducing a too high mercury content being 
determined at the mercury rich boundary of the γ , phase field. We can 
illustrate the consequences of this effect with respect to the work of Ander­
sen and Jensen (1971). On the basis of the lattice parameter and a chemical 
analysis they proposed the chemical formula Ag22Hg30 (71.7 wt.% Hg). 
However, on the basis of the lattice parameter and the density they found the 
chemical formula Ag2 2.s Hg2 9.5 (70.9 wt.% Hg). They preferred the chemi­
cal formula Ag2 2.s Hg30. However, it might be proven that the chemical 
formula Ag22.5 Hg29.5 is more reliable because the experimental density of 
the γ , phase at the mercury rich boundary of the phase field equals 13.65 
g/cm3, which is very near to the value of liquid mercury. Therefore, an 
eventual systematic error of the determined density of the γ
 l phase at the 
mercury rich side equals only 5 χ IO"4g/cm3 per weight percent free mercury 
approximately, so that it is not discriminative as the random error is about 20 
times as high. The chemical formula Ag22.5^29.5 is also consistent with a 
recalculation of the gain of weight experiments reported by Ogg (1898). The 
loss of weight experiments reported by Ogg (1898) are too inaccurate to 
compute a reliable chemical formula. In addition it might be stressed that the 
formula Ag2 2 ^ёгэ w o u l d be better at this time, because in the case of 
Ag22.s Hg29.s the volume of the unit cell must be doubled. The formula 
Ag22 Hg29 is, within the accuracy of the experiments, consistent with both 
the measu rements of Ogg ( 1898) and those of Andersen and Jensen (1971). 
A refinement of the space group as reported by Andersen and Jensen (1971) 
and Jensen (1972 a) is not meaningful because of the apparent inconsistency 
between the chemical analysis and density experiments. On the basis of X-ray 
diffraction experiments Andersen and Jensen (1971) reported for disorder in 
the 24-fold position, disorder in the 8-fold position and the ordered 
Ag2o Hg32 structure conventional R-values of 7.72, 7.88 and 7.71% respec­
tively. The corresponding weighted R-values were 9.97%, 10.83% and 10.02%. 
On the basis of a neutron diffraction study'Jensen (1972 a) reported for the 
conventional R-values 6.89%, 6.97% and 6.97% whereas he found for the 
corresponding weighted R-values 9.33%, 9.64% and 9.34%. 
Apparently the differences of these R-values reported both by Andersen and 
Jensen (1971) and by Jensen (1972 a) are not significant. 
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Except for the work of Ryge et al. (1953), the lattice parameters of the 71 
phase in dental amalgam reported in literature are consistent with the para­
meters of the silver-mercury system. 
No systematic research could be found on the correlation between the 
chemical and/or phase composition of the dental amalgam alloy and the 
chemical composition of the y γ phase in dental amalgam, whereas also no 
information was available on the correlations of that composition with 
properties of the amalgam. 
The a-parameters of the 73 phase reported by Winterhager and Dreiner 
(1961), Fairhurst and Ryge (1962) and Raynor and Lee (1954) are consis­
tent, whereas the reported c- (and c/a-) values are inconsistent. For the whole 
or partially this inconsistency might be explained by the computational 
method followed by Winterhager and Dreiner (1961) (see e.g. Massalski and 
King, 1960-1961). 
The c/a-ratios as a function of mercury content as reported by Fairhurst and 
Ryge (1962) and Smith (1969) are inconsistent. Smith (1969) reported 
increasing c/a-ratios with increasing mercury percentage, whereas Fairhurst 
and Ryge (1962) reported decreasing c/a-values with increasing mercury 
content. Pihl and Beasly (1968) reported lattice parameters of the y2 phase in 
dental amalgam consistent with the values of the y 2 phase in the mercury-tin 
system. From the work of Wing (1971) we know that 'all tin-mercury 
materials formed at 370C, irrespective of the composition of the silver-tin 
alloy used for reaction, exhibited the same lattice parameters'. The work of 
Wing (1971) is consistent with the work of Mahler (1971). He reported the 
У2 phase to contain no, or only minute, amounts of Cu, Ag or Zn. 
However, information is not gathered systematically enough to enable the 
derivation of the chemical composition for the 72 phase on the basis of the 
determination of the lattice constants of the y2 phase in dental amalgam and 
the information available of the lattice constants in the Hg-Sn system. How­
ever, it seems to be fairly sure that the 72 phase in dental amalgam is mainly 
a solid solution of mercury in tin of a simple hexagonal structure. 
Although the Сиз8п phase (or other phases) may be present in moderate or 
minor quantities in the dental amalgam alloys those quantities can influence 
microstructural properties such as the phase composition because of the 
formation of phases such a Cu6Sn5 (Mahler, 1971; Asgar, 1971; Sarkar 
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and Greener, 1972 a and b; Vrijhoef and Driessens, 1973). Furthermore, 
the chemical composition of the Ji and/or У2 phase, and thereby the 
properties of the amalgam, might be influenced by the Сиз5п or other phases 
present in minor or moderate quantities. 
The conclusions of Johnson (1967 a and b), Otani (1970) and Otani et al. 
(1970) with respect to the presence of the β phase in dental amalgam, as far 
as they are based on X-ray diffraction experiments only, are questionable. 
They derived the occurrence of the β phase from the peak height, rather than 
from the integrated peak intensities, of peaks of the β phase showing up 
interference with the y and/or y γ phase. Furthermore, they did not consider 
possible structural changes of the y phase due to the mercury uptake of the y 
particles. 
5.4.2 Dental amalgam versus the Ag-Hg-Sn system 
With respect to the silver-mercury-tin system the invariant reaction γ + γ 1 -> 
β+ y2 at 55°C approximately as reported by Dietrich (1972) seems to be 
very important. For the whole or partially this invariant reaction might 
explain differences with respect to the detection of the β phase in dental 
amalgam. However, more experimental evidence is necessary because Dietrich 
(1972) did not present the experimental material on which he based his 
conclusions with respect to the invariant reaction. 
Using an electron microprobe Johnson (1967 b) detected the β phase in a 
dental amalgam heated at 60oC which is consistent with the invariant reaction 
y + 7i -> (3 + 72 a t 55°C approximately. We like to point out that the 
Ag3Sn-Hg sections as proposed by Gayler (1937) and Fairhurst (1966) are 
not consistent with the Palatnik — Landau rule (Prince, 1966) Rj = R — 
D~— D*> 0. (inconsistent boundaries of interest marked with -*• in fig. 5.6 
and 5.7). 
In this relation Rj is the dimension of the boundary between neighbouring 
phase regions, R is the dimension of the phase diagram or section of the 
diagram or its reconstructed dimension in the case of an invariant reaction, 
whereas D+ and D _ represent the number of phases that appear or disappear 
respectively in transition from one phase region to another. 
No systematic research was reported on the possible phase reactions in the 
systems Ag-Hg-Sn, Ag-Cu-Hg-Sn, Ag-Hg-Sn-Zn or Ag-Cu-Hg-Zn at tempera­
tures below 70oC. 
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The fact that several investigators were unable to detect the presence of the 7 
phase at the surface of a freshly formed dental amalgam might be better 
explained by the non-representativity of the surface layers for the amalgam as 
a whole. This non-representativity follows probably from the way how the 
amalgam has been formed by a reaction of mercury that wets the particles of 
the γ phase completely. 
From the work of Ryge et al. (1957) it follows that the phase composition 
might be determined quantitatively as far as it concerns the phases γ, γ, and 
72- In literature no quantified information is available on the differences of 
the phase composition between amalgams made from different dental amal­
gam alloys. 
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CHAPTER VI 
SOME X-RAY DIFFRACTION EXPERIMENTS ON DENTAL AMALGAMS 
6.1 Introduction 
A quantitative description of the microstructure of dental amalgams is impor­
tant for the understanding of their behaviour as a material. In Chapter V the 
lack of such quantitative description of the phase composition in dental 
amalgam research up to now was established. However, from the work of 
Ryge et al. (1957) it follows that the phase composition of dental amalgam 
can be determined quantitatively as far as the major phases γ (Ag-Sn), 7! 
(Ag-Hg) and 72 (Hg-Sn) are concerned. 
In order to investigate this possibility more closely, the integrated peak 
intensities of certain reflections of the 7, 7χ and 72 phase in dependence on 
the mercury content of some alamgams after annealing for 20 hours at 370C 
are determined in this study. 
In addition the aforementioned peak intensities are determined at a mercury 
content of 45% by weight of some amalgams as a function of the annealing 
time at 370C. 
Furthermore, the overall changes in phase composition after different an­
nealing times are studied qualitatively by means of the peak heights of all 
phases found in the X-ray patterns of dental amalgams. 
Also a first attempt is made to find interrelations between the creep and 
structural properties. 
6.2 Materials and experimental methods 
Six dental amalgam alloys were selected on the basis of their phase composi­
tion as given in table 6.1. The alloy numbers are identical to those given in 
Chapter IV. The alloys were triturated with mercury for 7 seconds with a 
Silamat* mixer and then annealed at 370C. 
In a pilot study the reproducibility of the determination of the peak intensi­
ties after several metallographic grinding and/or polishing procedures was 
* Vivadcnt, Schaan, Liechtenstein. 
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studied and compared with determinations of intensities obtained from 
amalgams which were powdered with an agate ball mill until the amalgam 
particles passed a 40 μπι sieve As the last method yielded the best reprodu­
cibility it was decided that for this study the amalgams were powdered with 
an agate ball mill until the amalgam particles passed a 40 μτη sieve 
Table 6 1 Phase composition* of the dental amalgam alloys used in this study 
Alloy Phase 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
Ag3Sn 
+++ 
-H-l-
+++ 
+++ 
+++ 
+++ 
+++ 
+++ 
+++ 
+++ 
+++ 
+++ 
+++ 
-H-+ 
+++ 
Cu 3Sn 
( + ) 
++ 
+ 
+ 
+ 
( + ) 
+ 
+ 
+ 
( + ) 
( + ) 
C u 6 S n 5 
-H-
+ 
( + ) 
+ 
+ 
+ 
+ 
( + ) 
Sn 
+ 
+ 
( + ) 
+ 
* The phase composition has been determined scmiquantitatively from the relative 
peak heights of the X ray reflections 
+++ mam phase 
++ phase occurs at moderate concentration 
+ phase certainly present but at low concentration 
(+) presence of phase is doubtful, although indications are found 
Integrated peak intensities corrected for background were determined for the 
(002) reflection of the γ phase (IQ), the (123) reflection of the 7! phase (I
 x
) 
and (100) reflection of the 72 phase (I2) (hkl indexing according to Fair-
hurst, 1966) 
The reflections were chosen on the basis of the following considerations 
— they must not interfere with each other or with other reflections 
— they should be rather close to each other in order to avoid systematic 
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There is no such set of reflections fulfilling these conditions completely. The 
(002) reflection of the γ phase shows interference with the (100) reflection 
of the β phase (i.e. l0= ly+ Iß). However, a similar situation is found for all 
the other 7 reflections. 
Furthermore, the (100) reflection of the 72 phase has overlap with the (101) 
reflection of the Sn phase (j3-form). However, this Sn phase is absent or only 
present as a minor constituent with respect to the 72 phase (except in the 
case of amalgam no. 1 for a very low mercury content) so that this effect is 
not significant. 
Both the quantitative and the qualitative study were carried out by means of a 
Philips* X-ray diffractometer with a stabilized generator. The experimental 
conditions are given in table 6.2. 
Table 6.2. experimental conditions of the X-ray diffration experiments. 
Tube Cu, 36kV-20mA 
Filter N1 
Detector Scintillation counter-probe 
Divergence Slit I o 
Receiving Slit 0.2 mm 
Scatter Slit I o 
PHS Window 270430 sd 
Attenuation 2'* 
Time Constant 4 s 
Paper Speed 10 mm 
Scanning Speed 0 25 0 /min (quantitative and qualitative) 
1 0 /min (qualitative) 
Before running the tests the diffractometer was calibrated and checked by 
means of a Si standard specimen. This procedure was repeated regularly. 
The creep specimens were prepared at a static packing load of 7.8 kgf/mm2 as 
described in Chapter IV. The other preparation and testing techniques are 
also described in Chapter IV. The creep tests were run at 22.5 ± 0.5°C. 
6.3 Results 
6.3.1 Quantitative experiments 
The ratio between the mean value of the integrated peak intensities of the 7, 
7! and 72 phase for the different mercury contents and the integrated 
* Philips, Kindhovcn, the Netherlands. 
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background over the peak width was of the order of two. 
The integrated peak intensities of the γ,7ι and У2 reflections as a function of 
mercury content after annealing for 20 hours at 370C can be described 
satisfactorily by means of the regression model given in equation (6.1): 
1=1· O^W (6.1) 
Here Ij is the integrated peak intensity for phase i at a mercury fraction of w 
by weight, whereas Ij and oq are constants, whereby i = 0, 1,2 stands for the 
γ, γι and 72 phase respectively (see fig. 6.1 to fig. 6.3). 
In the case of the reflection of the 7 phase some outliers were obtained when 
two peaks were present instead of one (see also section 6.3.2). This effect was 
significant especially for the amalgam no. 2 and less for the amalgams no. 5 
and 6. The outliers were neglected for the regression analysis. 
The results have been collected in table 6.3 and table 6.4. Table 6.3 shows 
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FIG. VI-1. Integrated (002) peak intensity of the 7 phase as a function of the mercury 
content of amalgams made from alloy no. 1 (annealing time 20 hours at 370C). 
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FIG. VI-2. Integrated (123) peak intensity of the γ 1 phase as a function of the mercury 
content of amalgams made from alloy no. 1 (annealing time 20 hours at 370C). 
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FIG. VI-3. Integrated (100) peak intensity of і\г~і^ phase as a function of the mercury 
content of amalgams made from alloy no. 1 (annealing time 20 hours at 37 C). 
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Table 6 3 Linear coefficients Οι. according to equation (6 1 ), their standard deviation s 
and ν (the corresponding numer of observations minus two) for six dental ' 
amalgams 
xlCT с х1(Г с xlO с 
Amai) 
1 
2 
3 
4 
5 
6 
>am 
187 
125 
1 14 
145 
1 14 
155 
ч 
0 158 
0 114 
0 121 
0 105 
0 09 
0 077 
" 2 
5 
6 
5 
6 
5 
7 
α
ι 
3 28 
2 76 
2 78 
2 87 
3 34 
2 47 
ч 
0 294 
0 202 
0 281 
0 136 
0 233 
0 156 
"l 
6 
6 
6 
6 
6 
7 
-
α
ο 
3 94 
1 81 
2 75 
2 89 
3 16 
2 18 
\ 
0217 
0 441 
0 164 
0 205 
0 339 
0171 
"о 
6 
4 
6 
6 
4 
5 
Table 6 4 Extrapolated peak intensities I , their standard deviation s, and V (the num­
ber of paired observations minus two) for six dental ' amalgams 
xlO4 
Amalgam 
4° 
1 0 05 
2 0 03 
3 -0 09 
4 -0 06 
5 - 0 06 
6 -0 04 
\ 
с 
X 
0 063 
0 043 
0 048 
0 039 
0 036 
0 027 
г 
5 
6 
5 
6 
5 
7 
xlO' 
'? 
-0 22 
-0 05 
-0 06 
-0 04 
-0 15 
0 07 
% 
с 
Χ 
оно 
0 076 
0 105 
0 051 
0 087 
0 048 
"l 
6 
6 
6 
6 
6 
7 
xlO 4 
S 
2 35 
1 32 
1 6 2 
176 
1 80 
136 
с 
Sl
o 
0 081 
0 172 
0 061 
0 077 
0 102 
0 062 
"о 
6 
4 
6 
6 
4 
5 
that differences are detectable between the o^, u¿i and а
г
 parameters for the 
six dental amalgams, as is established by means of statistical testing. From 
table 6.4 it might be concluded that considerable differences are detectable 
also between the I 0 parameters of the six amalgams. By means of a double 
tailed t-test at the α = 0 05 level the null hypotheses 1° = 0 and 1° = 0 were 
accepted for the six dental amalgams, whereas also the null hypothesis 1° = Ij 
was accepted. For the dental amalgams no. 1 and no. 6 there is an indication 
that Ij - І2 =£ 0 because the obtained t-values were only slightly lower than 
the critical t-values. 
By means of a test of Spearman at the a = 0 05 level no differences could be 
detected between the values of \
г
 for the different annealing times (see 
fig 6 4) With the exception of amalgams no 2 and 6 a decrease of І! for 
increasing annealing times could be detected with a test of Spearman at the 
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FIG. VI-4. Integrated (100) peak intensity of the T^ phase as a function of the annealing 
time at 37 С for amalgam no. 6 containing 45 wt.% mercury. 
a= 0.05 level. With exceptions of no. 2 and 6 an increase of I 0 for increasing 
annealing time could be detected by the same test at the same level of 
significance. 
The values of I1/I2, ^ / I Q and i¡ll0 at a mercury content of 45 wt.% and 
different annealing times at 370C are given in table 6.5, table 6.6 and table 
6.7 respectively. A test of Spearman at the 0i= 0.05 level revealed I1/I2 to 
decrease for increasing annealing time for the amalgams no. 1, 3, 4 and 5. 
Except for amalgam no. 6 a test of Spearman at the a = 0.05 level revealed 
Ij/I0 to decrease with increasing annealing time at 370C. Furthermore a 
decrease for the ratio I2/I0 with increasing annealing time could be detected 
with the exception of the amalgams no. 2 and 6. The results on the quantita-
tive experiments on dental amalgam containing 45 wt.% mercury as a func-
tion of the annealing time at 370C have been summarized in table 6.8. 
Table 6.5. The ratio 1 /I for six dental amalgams containing 45 wt.% mercury as a 
function of the annealing time at 37° C. 
Amalgam 
1 
1.22 
1.75 
2.45 
2.15 
2.49 
1.86 
2 
1.60 
2.55 
1.82 
2.45 
— 
Annealing 
4 
1.18 
1.94 
2.80 
1.65 
2.46 
1.87 
8 
1.08 
1.69 
2.52 
1.91 
2.29 
1.38 
time (days) 
16 
1.03 
— 
2.37 
1.48 
2.48 
— 
32 
0.67 
1.19 
2.44 
1.61 
1.78 
1.05 
64 
0.82 
1.73 
2.06 
1.42 
2.12 
1.10 
140 
0.66 
1.64 
2.17 
1.29 
1.85 
1.10 
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Table 6 6 The ratio I,/I
n
 for six dental amalgams containing 45 wt % mercury as a 
function of the annealing time at 37° С 
Amalgam Annealing time (days) 
4 8 16 32 64 140 
146 - 0 92 0 84 0 90 0 59 0 62 0 54 1 
2 
3 
4 
5 
6 
Table 6 7 The ratio I,/I. for six dental amalgams containing 45 wt % mercury as л 
function of the annealing time at 37° С 
0 97 
1 22 
1 08 
1 14 
0 97 
0 85 
102 
1 01 
0 98 
— 
0 68 
108 
0 92 
0 89 
0 88 
0 88 
0 78 
0 62 
0 83 
0 56 
— 
081 
0 85 
0 85 
-
0 48 
0 80 
0 74 
0 46 
0 42 
0 73 
0 56 
0 77 
0 54 
0 33 
0 60 
0 43 
0 66 
0 48 
0 46 
Amalgam Annealing time (days) 
4 8 16 32 64 140 
1 77 - 108 0 91 0 93 0 40 0 51 0 36 
169 
2 99 
231 
2 83 
1 80 
136 
2 59 
184 
2 40 
— 
1 33 
3 03 
152 
2 20 
165 
150 
196 
1 18 
191 
0 78 
— 
192 
126 
2 10 
— 
0 58 
195 
1 19 
081 
0 45 
1 26 
1 15 
1 09 
1 14 
0 36 
0 99 
0 94 
0 85 
0 89 
0 50 
6.3.2 Qualitative experiments 
For the six dental amalgams under investigation X-ray patterns were run at 
scanning speeds of 1/4 /mm and 1 0/mm For an annealing time of 1 day the 
presence of the γ, Ύχ, У2 and Cu6Sn s phase could be detected 
Furthermore the presence of the Cu3Sn phase could be detected for those 
amalgams made from alloys containing this phase, whereas also reflections or 
indications for reflections could be found of a structure X which might be 
consistent with the β phase of the Ag-Hg-Sn system (for d - values of the β 
phase of the Ag-Hg and/or Ag-Sn system see eg Fairhurst, 1966, Blanc -
Benon, 1972) 
For increasing annealing time the γ , phase content decreases (with the 
exception of amalgam no 2) However, no conclusive evidence about the у 
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Table 6.8. Statistical results* with respect to the dependence of I. and I./I. on annealing 
time between 1 and 140 days at 37° С of six dental amalgams at a mercury 
content of 45 wt.%. 
Amalgam 
1 
2 
3 
4 
5 
6 
+ significant increase of parameter with increasing annealing time of the amalgam. 
- significant decrease at the a = 0.05 level of parameter with increasing annealing 
time of the amalgam. 
0 no detectable change with increasing annealing time of the amalgam. 
θ a marginally significant decrease at the α = 0.05 level of the parameter with 
increasing annealing time of the dental amalgam. 
phase content as a function of the annealing time could be obtained because 
the phase X which probably is the β phase and which pattern interferes over 
the whole range with the γ pattern increased strongly in general with 
increasing annealing time (see fig. 6.5). Considerable differences between the 
amounts of β phase are present. No correlation could be detected between the 
quantity of β phase formed and the phase composition of the dental amalgam 
alloy. 
The у 2 content seemed to remain constant at the different annealing times. 
Furthermore, for some dental amalgams the Cu6Sn5 phase content seemed to 
increase slightly with increasing annealing time. The increase seemed to 
depend on the quantity of СизЗп phase present in the dental amalgam alloy. 
The results of the qualitative experiments on the dental amalgams containing 
45 wt.% mercury as a function of the annealing time have been summarized 
in table 6.9. It must be pointed out here that certain peaks of the β phase 
were also present in amalgams containing 5 wt.% mercury used in this 
investigation. From unpublished experiments it is known that these peaks are 
also present in the X-ray patterns of pre-amalgamated alloys as obtained from 
the dental market (Vrijhoef, 1971). Additional experiments revealed that in 
the case of the pre-amalgamated dental amalgam alloys as obtained from the 
dental market the β peaks vanished when the same X-ray diffraction patterns 
were run after a storage of 2 years at room temperature. 
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Table 6.9. Results of a qualitative observation* of phase composition as a function of 
an annealing time between 1-140 days at 37° С 
ъ 
0 
0 
0 
0 
0 
0 
χ 
+ 
+ 
+ 
+ 
+ 
+ 
Cu6Sn s 
0 
(+) 
(+) 
0 
(+) 
0 
Amalgam 
1 
2 
3 
4 
5 
6 
+ increase of parameter with increasing annealing time of the amalgam. 
— decrease of parameter with increasing annealing time of the amalgam. 
( ) statement not sure although certain indications are present. 
0 no dependence of the parameter on the annealing time of the amalgam. 
6.4 Creep versus phase composition of the dental amalgam (alloy) 
6.4.1 Introduction 
A test of Spearman at the a= 0.05 level revealed the values of the creep 
parameter b' for amalgams given in table 4.1 to decrease significantly with 
increasing —OL^IOQ ratio's of the according amalgam alloys (see table 6.3). 
Furthermore a correlation between b' and —α^ and a correlation between b' 
and IQ was estabUshed if tested at the a: = 0.10 level. 
As a relation between b' and I 0 is of great importance in predicting creep 
properties of amalgams from tests on the according unamalgamated dental 
amalgam alloys additional experiments were carried out in order to investi­
gate this relationship. For these experiments the dental amalgam alloys no. 7 
to 10 and 12 to 15 were selected. 
6.4.2 Results 
The values of b' determined from three samples of the different amalgams 
and the Io parameters of these amalgams have been given in fig. 6.5. A test 
of Spearman at the a= 0.05 level revealed b' to decrease significantly with 
,o increasing I 0 . 
Amalgam alloys containing both the Cu3Sn and the Cu6Sn s phase resulted in 
amalgams having the highest b' values (i.e. being the most creep resistant). 
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FIG. VI-5. x-ray diffraction patterns for amalgams prepared from alloy no. 1. after an 
annealing time of 1 day (upper curve) and 140 days at 37 C. 
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6.S Discussion 
The fact that the peak intensities of the y,y1 and y2 reflections as a function 
of mercury content after annealing for 20 hours at 370C can be described 
satisfactorily by means of the regression model given in equation (6.1) 
indicates that the amalgam specimens can be considered as homogeneous 
specimens having a fairly homogeneous absorption coefficient for CuKa 
radiation. 
The differences occurring among the groups of the parameters «2» а і a n d 
C^/CÏJ of the dental amalgams under investigation might be important with 
respect to properties such as dimensional change during reaction with mercu-
ry and corrosion of dental amalgams. 
No correlation could be detected between the oq parameters and a qualitative 
determination of the phase composition of the dental amalgam alloy. This 
absence of correlation might be explained from the small number of dental 
amalgam alloys investigated here and from the fact that the thermal and 
mechanical history of the dental amalgam alloys may be important and may 
vary considerably. The β phase content, which also is unknown, may be 
important as well. 
It is probable that 1° = 1° = 0. Therefore it might be concluded that the 
solubility of mercury in the γ phase is lower than most authors assume up till 
now (see e.g. Fairhurst, 1966). 
As this time the differences between the I 0 parameters of the six dental 
amalgams are not well understood. These differences might be correlated with 
the occurrence of the Widmanstätten structure of the β phase (Young and 
Wilsdorf, 1969). Furthermore, dislocations or stacking faults introduced by 
mechanical deformation during manufacturing of the dental amalgam alloy or 
during the milling procedures for the preparation of the X-ray specimens 
might contribute to the differences between the I 0 parameters. Also 
the thermal history of the dental amalgam alloy might be an important factor 
(compare e.g. Brooks and Gillam, 1970). 
The fact that the 7 2 phase content of the dental amalgam does not seem to 
depend on the annealing time has important implications for corrosion 
studies and the behaviour of the amalgam in the oral environment as it has 
been proven that this phase is most sensitive to corrosion (Dreyer J^rgensen 
and Saito, 1970). 
From the combined quantitative and qualitative results collected in table 6.8 
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and table 6 9 respectively it might be concluded that the γ, and 7 phase 
contents of dental amalgam decrease with increasing annealing time at 37CC 
whereas the quantity of another phase, probably the β phase,* and probably 
also that of the Cu6Sn5 phase increases with increasing annealing tune 
The Cu6Sn5 structure might be formed from the СизЗп phase by the 
diffusion of Sn away from the у phase The increase in Cu6Sn5 content and 
the simultaneous decrease of the Cu3Sn phase are consistent with this 
assumption This explanation was further corroborated by the estimate that 
the relation between the increase of the Cu6Sn s phase and the quantity of 
the CujSn phase present in the original dental amalgam alloys is proportional 
indeed 
By the diffusion of Sn away from the γ phase the β phase may be formed 
simultaneously 
It is not unreasonable to assume that mercury diffuses into the γ phase and 
actually is the driving force for the diffusion of the tin away from this phase 
because the mercury diffusion is very fast, especially along the grain bounda-
nes Blanc-Benon (1972) reported the gradients at the gram boundaries of the 
Ag and the Hg to be much larger than that of the Sn, which is consistent with 
the only slightly increase of the Cu6Sn5 structure in the penod from 1 to 140 
days 
As the amount of newly formed Cu6Sn s is probably small, this increase is not 
sufficient to explain the considerable quantities of the newly formed 0 phase 
The fact that a considerable amount of β phase is formed in amalgams 
obtained from alloy no 1 also indicates that at least another process might be 
active in forming the β phase 
This process might be its formation from a supersaturated 7, structure as 
observed by Johnson (1967) and Winterhager and Dreiner (1960) for the 
binary Ag-Hg system whereas also the quantity of Sn present in the 7J phase 
might play an important role because it is known that the Sn content of the 
7, phase stabilizes this phase and retards the formation of the β phase 
(Johnson, 1971) 
The presence of reflections consistent with the β phase in amalgams contain­
ing 5 wt % mercury as investigated in this study as well as in pre-amalgamated 
dental amalgam alloys might indicate that the β phase is present m the dental 
amalgam alloys before their reaction with mercury The fact that the β phase 
* During the preparation of the manuscript the formation of the β phase was reported by 
Mahler et al (1973) using an electron microprobe 
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could not be detected in the 6 dental amalgam alloys under investigation by 
means of X-ray diffraction might be explained in several ways. Firstly, it may 
be caused by the dependence of the lattice parameters on the composition of 
that phase and the close similarity with the reflection pattern of the β phase. 
An additional effect may result from the relaxation of internal stresses 
present in the Widmanstätten structure of the γ phase (see Young and 
Wilsdorf, 1969) through the diffusion of mercury into this structure so that 
its reflection pattern happens to appear after pre-amalgamation. By means of 
the decreasing peak width and the increasing peak height corresponding to 
the stress relaxation the detectability of the β phase after pre-amalgamation 
might be explained. 
Another explanation of the presence of reflections consistent with the β 
phase in amalgams containing 5 wt.% mercury as investigated in this study as 
well as in pre-amalgamated amalgam alloys might originate in the fast grain 
boundary diffusion of Hg in the 7 phase. Thereby, all the grains might be 
surrounded by a thin layer of reaction products with mercury, a.o. the β 
phase. 
By means of the (much slower) bulk diffusion mercury would penetrate into 
the y grains so that the composition of the boundaries would shift to the 
nominal composition of the γ phase. Because the j3 phase surrounds the γ 
grains the probability of its detection in amalgam alloys by means of X-ray 
diffraction is much larger than in the case of a more or less homogenous 
distribution over the total volume like for a powdered amalgam after short 
annealing times. 
In this way also the vanishing of the β peaks from the X-ray diffraction 
patterns obtained from the pre-amalgamated dental amalgam alloys can be 
explained when those diffraction patterns were run after a period of 2 years 
at room temperature. That vanishing might have implications for the change 
of some properties such as the wetting characteristics and setting time. 
Combination of the quantitative and the qualitative X-ray analyses yields that 
the γ , and y2 content might be determined quantitatively. Under the 
assumption of a constant y2 phase content it can be derived for the six dental 
amalgams under investigation that the y y content is reduced 10-50% in a 
period of 1-140 days annealing at 37°C. In order to determine the y phase 
content quantitatively as a function of the annealing time of the dental 
amalgam more information is necessary on the peak intensities of the β phase 
as a function of its composition. 
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FIG. VI-6. Creep parameter b' determined from three samples of the different amalgams 
as a function of the integrated (002) peak intensity 1° of the γ phase. 
The presumable correlation between b' and — (Χι/οίο is consistent with the 
conclusion of Chapter IV that the creep of dental amalgam is determined by 
the low melting phases. Also a causal relation may exist between —CÏJ/Û^ and 
the formation of the β phase. The possible occurrence of the interrelation 
between I 0 and ^ / Q Q illustrates the importance of the proper choice of 
the dental amalgam alloy with respect to the creep properties of the dental 
amalgam as already mentioned in Chapter IV. This fact is supported by the 
correlation between b' and IQ found from the additional creep experiments in 
this chapter. 
The dependency of creep properties of amalgams on phase composition of 
amalgam alloys forces the working hypothesis upon us that the copper 
content of the γ phase of the dental amalgam alloy is an important factor in 
determining the creep properties of the set amalgam. 
This working hypothesis can be formulated in combination with the composi­
tions of the y phase for the different invariant reactions of the Ag-Cu-Sn 
system as given by Gebhardt and Petzow (1959). If the working hypothesis is 
true the thermal history is also important as the phase composition of the 
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different phases depends both on the chemical composition and the thermal 
history. 
As the thermal history of dental amalgam alloys supplied on the dental 
market is unknown, it could not be established in this study whether or not 
the 'outlier' in fig. 6.6 can be explained by this phenomenon. 
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CHAPTER VII 
ON THE ADAPTATION AND SETTING EXPANSION OF DENTAL AMAL-
GAM 
7.1 Introduction 
After completion of the reaction of a dental amalgam alloy with mercury 
there is an interspace with an irregular geometry between the amalgam 
restoration and the cavity wall. Under the influence of the oral conditions the 
form and the dimensions of this interspace may alter. In the dental literature 
authors generally represent the existence of such an interspace rather vaguely 
as: the dental amalgam restoration has some degree of adaptation to the 
cavity wall. As was shown in Chapter II the 'adaptation' of an amalgam 
restoration to the cavity wall is a clinically significant property. 
Many authors have attempted to determine the degree of 'adaptation' in the 
clinic or in the laboratory directly. Other research workers tried to obtain the 
dimension of the interspace between the restoration and the cavity wall 
indirectly by means of the determination of the dimensional change during 
the setting of dental amalgam.The indirect methods has been accepted in 
order to determine the interspace dimension as a quality factor of a dental 
amalgam restoration made from a particular amalgam alloy. This acceptance 
is evident from the considerable research effort involved in the determination 
of the dimensional change during setting as a function of variables such as 
trituration time, condensation technique, amalgam alloy and mercury con-
tent. Furthermore, it is demonstrated by the fact that a dimensional change 
test in the first specification for dental amalgam in 1937 was maintained in 
the last revised form of this specification (ADA, 1970). 
In this chapter attention will be paid to the different factors influencing the 
result of this test, whereas also attention will be paid to the relation between 
the dimensional change as found by this test on the one side and the 
interspace dimension between the restoration and the cavity wall as measured 
by an independent method on the other side. 
7.2 Dimensional change 
Up till now dimensional change during hardening is determined analogously 
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to ADA Specification no 1 (ADA, 1968, ADA, 1970) After trituration a 
specimen is formed by packing the amalgam mix into a mold by means of 
clinically simulated techniques or by means of laboratory methods under a 
static load (see eg ADA, 1968, ADA 1970) After a certain time the 
amalgam specimen is taken from the mold and placed under a displacement 
transducer At time t 0 after trituration, which varies from 3 to 15 minutes, 
the measurement of dimensional change during setting starts The displace­
ment transducer exerts some force on the specimen, resulting in a certain 
compressive stress a
m
 The amalgam specimens show up dimensional changes 
during the setting reactions as shown schematically in fig 7 1 
Δ 
FIG VII 1 Schematic drawing of the dimensional change during the setting of dental 
amalgam 
After a time t, (generally 24 hours) at a temperature T
s
 (generally room 
temperature or 370C) the difference between the dimensions at time tl and 
t 0 is defined as the setting expansion (or contraction) during setting 
In a systematic study Letzel (1972) found the expansion to increase with 
increasing t 0 His results are consistent with the experiments reported by 
several authors (see e g Mitchell et al , 1955, Fusayama et al, 1964, Smith, 
1967) 
Setting expansion was also found to be dependent on the testing temperature 
T,. (see eg Mitchell et al, 1955, Skinner and Mizera, 1958, Petersen and 
Oaks, 1963), whereas several authors reported decreasing expansion values for 
increasing a
m
 (see e g. Wing, 1964, Muench, 1970, Dietrich, 1972) 
Wing (1964) and Dietrich (1972) showed that the initial contraction decreas­
es with decreasing a
m
 (see fig 7 2) They also showed the initial contraction 
to diminish or even to vanish at a
m
 = 0 
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18. 
-loJ I 
FIG. VII-2. Influence of the measuring stress σ
ι η
 on the dimensional change during 
setting (Dietrich, 1972). 
7.3 Adaptation 
7.3.1 Introduction 
In the early days of dentistry dentists were conscious of and concerned about 
the adaptation problem. According to Adolf zur Nedden (1859 a) it was 
established in 1680 by Cornelius von Soolingen that metals used at that time 
to restore teeth could not stop the penetration of fluids. Therefore he 
replaced the metals by a lute of mastix and turpentine. Further, until the end 
of the 19th century, adaptation did not occur as a problem in the dental 
literature, mainly because at that time dentistry was more directed to the 
removal of the putative causes of toothache than to the durable preservation 
of the teeth. But in deliberating criteria for a restoration Adolf zur Nedden 
(1859 a and b) used already concepts as 'air tightness' and 'water tightness' 
and he pointed out the possible role of capillary action in the penetration of 
fluids through the interspace between the dental restoration and the 
cavity wall. His discussion proves that dentists thought at least in qualitative 
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terms about the adaptation problem, although the experimental approach did 
not go further than a qualitative determination of the degree of adaptation 
with visual aids or by means of an explorer. In 1874.Fletcher was one of the 
first to introduce an intrusion method for the determination of adaptation. 
For this purpose he immersed a block of ivory with filled cavities in ink. 
After immersion the block was sectioned so that the penetration of the ink 
into the interspace could be studied. A dynamic method, in which air was 
pressed through the interspace, was already described in 1874 by Kirby. 
In 1861 Tomes introduced a geometric method. He evaluated the determina-
tion of the adaptability of a dental restorative material to the cavity struc-
ture. His evaluation of the adaptability was still in qualitative terms, since his 
method was directed to measurements of the ability to reproduce surface 
details like grooves and holes and not to adaptation as such. 
Witzel (1899) sectioned restored teeth and determined the geometric adapta-
tion qualitatively. 
Reviewing a considerable amount of papers Vrijhoef et al. (1971) pointed out 
that the methods mentioned in the dental literature to determine the adapta-
tion of a dental restorative material to the cavity wall can be classified as 
statical intrustion and extrusion methods, dynamic methods and geometric 
methods (e.g. the ink in the intrusion method of Fletcher (1874) being 
replaced by another dye, a radio-active isotope or other such minor changes). 
Vrijhoef et al. (1971) pointed out that the results of experiments with the 
static and dynamic methods depend on many physical, chemical and/or 
technological variables, which are not correlated with adaptation and which 
make these methods inadequate. They concluded that the geometric methods 
are most appropriate for obtaining a full and quantitative characterization of 
the adaptation pattern. 
Letzel (1972) proved the mean distance between amalgam restoration and 
cavity wall to be a suitable experimental adaptation parameter. He found that 
all the dental amalgams used in his clinically simulated study shrunk during 
setting. 
7.3.2 Interspace dimension versus dimensional change 
As already mentioned in Chapter II no differences could be detected in the 
clinic between restorations made of dental amalgams showing up a high 
contraction or expansion in the laboratory as determined according to ADA 
Specification no. 1 (Phillips et al., 1945; MacDonald and Phillips, 1950; Nadal 
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étal., 1961 a and b). 
In laboratory studies Wolcott et al. (1963),Granath and Nyquist (1964), 
Granath (1971) and Letzel (1972) were unable to detect a correlation 
between the dimensional change during setting and the interspace dimension 
between an amalgam restoration and the cavity wall. 
Wolcott et al. (1963) studied the interspace dimension between a dental 
amalgam restoration and the cavity wall qualitatively using sectioned extrac-
ted teeth. The different amalgams showed up setting expansions of 
— ІОдт/ст to +200 дт/ст. The sections illustrated that little or no differen­
ce could be observed between the interspace dimensions of the amalgams 
showing up a contraction of 10 дт/ст and that of the amalgams with an 
expansion of 200дт/ст. 
Granath and Nyquist (1964) determined 'adaptation' semi-quantitatively by 
means of a static intrusion method. They measured the intensity of the 
radiation of a solution with an isotope which intruded between the amalgam 
restoration and the cavity wall. Furthermore they determined the setting 
expansion of the dental amalgams. 
Granath and Nyquist (1964) reported that the amalgams showing up the 
highest contraction resulted in the best 'adaptation'. 
Using a dynamic method in which air was pressed through the interspace 
between the amalgam restoration and the cavity wall Granath (1971) was 
unable to detect a good correlation between the 'adaptation' and the setting 
expansion. 
Letzel (1972) determined the mean distance of the dental amalgam restora­
tions to the cavity wall geometrically. In a systematic study he could not 
detect a correlation between the mean interspace distance and the setting 
expansion of a dental amalgam restoration as well. 
7.4 Discussion 
It is clear that the quantitative determination of the setting expansion anal­
ogously to the ADA Specification no. 1 (ADA, 1968; ADA, 1970) as well as the 
qualitative determination is unsuitable as the outcome of the experiment is 
highly dependent on t 0 and a m (see e.g. fig. 7.2). The initial contraction 
might be explained by the viscous flow of the amalgam. The non-correlation 
between the dimensional change and the adaptation of amalgam restorations 
as reported by several authors (Wolcott et al., 1963; Granath and Nyquist, 
1964; Granath, 1971 ; Letzel, 1972) is consistent with the dependence of the 
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determination of the setting expansion on t0 and am. 
From the experimental results reviewed in section 7.2 it follows that an 
unbiased determination of the setting expansion can be obtained only for 
t0 -> 0 and am -> 0. The experimental condition am -»· 0 can be obtained in 
the laboratory (Wing, 1964; Dietrich, 1972). This is not possible for the 
condition t0 -*• 0. According to Letzel (1972) t0 > 3 min. for simulated 
clinical techniques, whereas this condition also holds approximately for a 
technique according to the ADA Specification no. 1 in its last revised form. 
The objective of simulating the condition t0 "* 0 might be obtained or 
approached in two ways. 
Firstly, this condition can be satisfied by an extrapolation procedure. Disad-
ventage of this method is that for times t < t0 other processes controlling the 
dimensional change as a function of time might exist, thus changing the 
dependence of the dimension on time and therefore making the extrapolation 
procedure impossible. As the setting expansion of dental amalgam can be 
considered for the whole or partially as a process of sintering in the presence 
of a liquid phase this effect is a plausible explanation (Whalen and Humenik, 
1967). Secondly, the dimensions of preferably cylindrical specimens can be 
determined after setting of the amalgam in a mold and after removal from 
that mold, a method which will be used in the experiments of Chapter VIII. 
In that case equal condensation times in the adaptation as well as in the 
setting expansion experiments are necessary if the correlation between them 
is to be tested. Furthermore, it must be checked whether the setting expan-
sion as determined by this method is dependent on the fact whether clinically 
simulated techniques or laboratory methods are used for the preparation of 
the amalgam specimen. 
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CHAPTER Vili 
SOME EXPERIMENTS ON THE ADAPTATION AND DIMENSIONAL 
CHANGE 
8.1 Introduction 
In the field of Conservative Dentistry the adaptation of a dental restoration 
against the cavity wall is defined rather vaguely as: 'Close approximation of 
restorative material to cavity walls' (Boucher, 1963) or 'The degree of 
adjustment of the filling to the cavity wall' (Vrijhoef et al., 1972). It must be 
stressed that the adaptation of an amalgam restoration against the cavity wall 
involves several aspects which might be important for the well functioning of 
the dental amalgam restoration under oral conditions. 
During the packing procedures of the dentist the material is pressed as good 
as possible against the cavity wall. At certain positions the restoration comes 
into contact with the cavity wall whereas at other positions an interspace 
between the restoration and the cavity wall occurs (fig. 8.1). The material on 
itself has a restricted ability to reproduce the surface details of the cavity 
wall. Dreyer J^rgensen (1965) defines this ability as the adaptability of a 
direct filling material. 
During the setting of a dental amalgam dimensional changes occur. An 
expansion of the material results in a deformation of the initial geometric 
adaptation surface. A shrinkage of the dental amalgam results in a loss of 
FIG. VIII-l. Schematic drawing of the adaptation of an amalgam restoration against the 
cavity wall: (R) restoration (I) interspace (C) cavity wall. 
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contact between the restoration and the cavity wall. Apparently, under 
conditions of mechanical retention of the restoration a shrinkage of the 
material allows the restoration to be translated or rotated within the cavity 
(fig. 8.2). 
FIG VIII-2. Schematic representation of the translation or rotation of the amalgam res­
toration within the cavity made possible by the shrinkage of the dental amalgam during 
setting. 
According to van 't Hof (in: Letzel, 1972) the roughness of the amalgam 
surface adjacent to the cavity wall is a convenient parameter in describing the 
adaptability of that surface. 
The most suitable surface roughness parameters are the standard roughness τ ι 
and the average roughness I2. 
For an amalgam restoration in a cylindrical cavity the standard surface 
roughness can be defined by 
Ί = Ш ( п . ( а - 6 ) + ОД)2 dA}Ì /AÌ (8.1) 
A 
in which Ais the total surface area of the cavity wall, η is the normal (unit) vec­
tor of the cavity surface at the position of the surface element dA,ô is the 
displacement vector due to the translation and rotation of the amalgam 
restoration in the cavity, a is the distance vector between the restoration and 
the cavity wall its direction being that of the vector η + δ /|a|, Dis the 
diameter of the cylindrical cavity and Δ is the (isotropic) relative linear 
dimensional change during setting of the dental amalgam (fig. 8.3). 
The average surface roughness Г2 in a cylindrical cavity can be defined by 
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Г2= iff | n . ( a - 6 ) + D A | d A } / A (8.2) 
FIG. VIII-3. Schematic representation of the normal (unit) vector η of the cavity surface 
at a certain position, the displacement vector δ due to the translation and rotation of the 
amalgam restoration in the cavity and the distance vector a. 
According to an estimate by van 't Hof (in: Letzel, 1972) the value of Г2 is 
expected to be 70 to 80% of Τχ. 
An additional aspect to characterize the gap between material and cavity is 
the mean distance a between the amalgam restoration and the cavity wall. 
The mean interspace dimension and the adaptability together still do not give 
complete information about the adaptation pattern. In order to get a more 
complete description ofthat pattern a quantification of the size distribution of 
the surface pores and the degree of contiguity between those pores is needed. 
Furthermore, the number of contact points with the cavity wall might be an 
important factor for general technical reasons (see e.g. Greenwood and Wil­
liamson, 1966). In this study no attention will be given to those aspects. 
As already mentioned in Chapter VII Wolcott et al. (1963), Granath and 
Nyquist (1964), Granath (1971) and Letzel (1972) were unable to detect a 
correlation between the dimensional change during setting as determined 
analogously to the ADA Specification no. 1 (ADA, 1968; ADA, 1970) and 
the 'adaptation' of an amalgam restoration against the cavity wall. In Chapter 
VII a new method to obtain the dimensional change during setting was 
proposed. This method consists in the determination of the dimensions of 
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preferably cylindrical specimens after setting of the amalgam in a mold. 
Theoretically, a 1 : 1 correlation between the dimensional change Δ (μηη/ΰίτι) 
according to this new method and the dimensional change computed from 
determinations of the dimensions of the interspace between the amalgam 
restoration and the cavity wall is expected if the average distance to the 
cavity wall has been corrected appropriately for surface roughness. More 
specifically, it is to be expected that the following relation holds: 
Δ = - 2 ( Ι - - ξ ) / 0 (8.3) 
in which ä" is the mean distance of the dental amalgam restoration to the 
cavity wall (μηι), D is the diameter (cm) of the two-dimensional cavity 
section (perpendicular to the cylinder axis), whereas ξ is the correction for 
surface roughness (μηη). The most adequate interpretation of ξ may be the 
quantity defined as гг. 
In this chapter the direct determination of the dimensional change by 
measurement of the diameter of set cylindrical specimens as proposed in 
Chapter VII will be described. Furthermore, the dimensional change Δ will be 
computed from the independent measurements of the adaptation which are 
evaluated by means of equation (8.3) for different values of f (ξ = 0; 0.8 Г! 
and Г2 respectively). Finally, the correlation between these series of results 
will be determined. 
8.2 Materials and methods 
The phase composition of the dental amalgam alloys under investigation is 
given in table 6.1. For all the types of experiments the dental amalgam alloys 
were triturated with mercury for 7 seconds with a Silamat mixing machine. 
For the dimensional change experiments two types of specimens were pre­
pared 
The diameter of cylindrical specimens set in a mold 
One group of cylindrical specimens were prepared in a mold with a diameter 
of 4 mm according to the ADA Specification no. 1 in its last revised form 
(ADA, 1970). This test was followed except for a modification necessary to 
obtain specimens with various mercury contents. To that purpose the tritura­
ted mass was kept under loads of 0.40,0.96, 2.88 or 7.80 kgf/mm2 instead of 
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1.40 kgf/mm2. Also, the time between the mixing and loading was 60 
seconds instead of 30 seconds. The specimens were removed from the mold 
after 2.5 minutes approximately. The mercury content of the specimens was 
determined from the weights of dental amalgam alloy and mercury used in 
the mix and the mercury expressed during packing (Dreyer J^rgensen, 1964). 
By means of packing with a Bergendahl vibrator a second group of cylindrical 
specimens was obtained from another cylindrical mold having a diameter of 
4.00 mm according to the ADA Specification no. 1 in its last revised form 
(ADA, 1970). These specimens contained 40% mercury by weight. After 
setting for 6 minutes approximately the specimens were removed from the 
mold. 
After annealing at 370C for 1 week the diameters of the two groups of 
cylindrical specimens were determined at several positions with the accuracy 
of 1 μπι by a micrometer at ambient temperature of 22.5 ± 0.5oC. In order 
to enable an easy comparison of these experiments with the dimensional 
change (ßm/cm) obtained from the adaptation experiments, and also to 
adjust the outcomes on the convention of the ADA Specification no. 1 the 
dimensional change Δ | was computed according to equation (8.4). 
Δ, = ( ï ï - 4) χ 2500 (8.4) 
In equation (8.4) d is the mean diameter of the amalgam cylinders. 
The interspace between restoration and cavity wall in a two-dimensional 
section 
For these measurements artificial cavities were prepared by embedding steel 
cylinders in polymethylmethacrylate (PMMA). In order to reduce the porosi­
ty content of the PMMA, polymerization was carried out under water at a 
temperature of 60oC in a pressure cooker under a pressure of 2.5 ATO. After 
completion of the polymerization reaction the cylinders were removed from 
the PMMA. The cavities were completed by sticking a disk of the same 
material on to the bottom of the PMMA mold. Each PMMA mold contained 
four cavities. The cavities had a diameter of 6 mm approximately and were 
filled by means of packing with a Bergendahl vibrator in a manner equal to 
that used for the test cylinders obtained from the ADA molds. These 
specimens contained 40% mercury by weight. After the packing procedures 
the specimens were annealed at 370C for 1 week. Then the filled cavities were 
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ground under tapwater and polished with a diamond paste under a slight 
pressure by means of a polishing machine with a sample holder. Distances 
from the wall to the restoration surface were determined systematically at 12 
circumferentially equidistant positions (difference 30°) along the cavity wall 
by means of the optical part of a micro-hardness tester.* 
The mean distance a to the cavity wall was computed from these 12 
determinations, whereby an estimate of the standard roughness rj was com­
puted according to equation (8.5), in which use was made of pairs of 
successively determined distances in order to correct for possible translation 
and rotation of the amalgam specimen in the cavity 
r , - { ( Σ ί ^ - χ ^
 1 ) 2 ) / 2 4 } 5 (8.5) 
1 
Analogously an estimate of the roughness Tj was determined according to 
equation (8.6). 
r 2 = { Z | x i - x i + 1 | } /24 (8.6) 
In order to simulate clinical procedures these 'hand packed' specimens were 
prepared by a dentist without any objective of standardization with respect 
to the packing force. 
Both the cylindrical specimens obtained by hand packing and the filled 
cavities used for the adaptation experiment obtained from one dental amal­
gam alloy were prepared alternatingly. 
8.3 Results 
The dimensional change ΔΊ of amalgam specimens prepared from the alloys 
no. 1 to 6 analogously to the ADA Specification no. 1 in its last revised form 
(ADA, 1970) was determined as a function of mercury content after an­
nealing for 1 week at 37°C. Λ typical curve (amalgam alloy no. 3) is given in 
fig. 8.4. The dimensional change ΔΊ of the amalgams obtained from this 
alloy is constant up to a certain mercury content. Above this limit ΔΊ 
increases strongly with increasing mercury content. Similar curves were ob­
tained for the amalgam alloys no. 2 and 4. For amalgam alloy no. 5 there is 
an indication that A\ does not remain constant below a certain mercury 
* Durimct, Lcitz, Wetzlar, West Germany. 
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FIG. Ш-4. Dimensional change Δ', obtained by diameter measurements asa function 
of mercury content for amalgam no. 4 (Specimens prepared analogously to ADA Specifi­
cation no. 1 and annealed at 37 0C for 1 week). 
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FIG. VI1I-5. Similar curve for amalgam no. S as given for amalgam no. 3 in fig. 8.4. 
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FIG. Ш-7. Similar curve for amalgam no. 1 as given for amalgam no. 3 in fig. 8.4. 
content (see fig. 8.5). For amalgam alloy no. 6 the dimensional change-mercu­
ry content curve could be determined only within a rather small range of 
mercury content. No differences could be detected in this range (see fig. 8.6). 
Amalgams from alloy no. 1 showed up a slight decrease of A[ with increasing 
mercury content (fig. 8.7). In table 8.1 the dimensional change Δ| of 
amalgams made from the alloys no. 1 to 15 are given for a low mercury 
content (prepared at a static packing load of 7.8 kgf/mm2). Considerable 
differences occur between the different values of ΔΊ (up to 40 μτη/οτή). 
For the investigation of the correlation between the dimensional change 
computed from the adaptation experiments and the dimensional change of 
the test specimens as proposed in Chapter VII both containing no. 1 mercury 
and prepared by packing with a Bergendahl vibrator the amalgam alloys no. 2, 
4, 6, 7, 8, 9, and 10 were selected. The relation between the dimensional 
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5д, OLÍ m/cm) 
1 5 
0 45 
1 2 
1 9 
14 
0 45 
1 5 
2 3 
17 
3 9 
1 3 
0 63 
1 3 
2 3 
5 6 
l> 
2 
2 
3 
2 
2 
2 
3 
3 
3 
3 
2 
3 
3 
3 
2 
ГвМе S 1 The mean value of the dimensional change Δ',, its standard deviation sд< 
the degrees of freedom V and the mercury content for the different ' 
amalgams after annealing for one week at 37° С 
Amalgam Wt %Hg Δ^ (μπι/αη) 
1 28 -34 1 
2 34 -15 25 
3 36 -15 1 
4 34 -28 9 
5 37 -19 2 
6 35 0 25 
7 34 -34 8 
8 40 5 9 
9 37 -15 7 
10 40 -21 1 
11 34 -14 7 
12 28 -27 62 
13 - -19 3 
14 38 5 2 
15 33 -21 1 
change Δ'{ obtained by diameter measurements and the dimensional change 
Δ2 obtained from the adaptation experiments can be described satisfactorily 
by means of the linear regression model given in equation (8 7) except for 
highly porous amalgams 
Δ 2 = A + ΒΔ'ί (8.7) 
Here A and В are constants The expected value of В for ξ = Г2 equals 1 In 
fig 8 8 this relationship has been plotted for ξ = 0 A test of Spearman at the 
a= 0 05 level both on the results including and neclecting the data of porous 
specimens revealed a correlation between A'{ and Δ2 However, the correla­
tion coefficient was higher if the highly porous specimens were neglected In 
fig. 8 9 the relationship has been replotted for ξ = 0 8^ . From this 
figure it may be concluded that the fit to a straight line according to equation 
(8 7) is improved in comparison with the relationship given in fig 8 8 
Although the data indicated with О were much closer now to the expected 
values, they must still be considered as outliers 
The same conclusion may be drawn for the relationship if ξ = гз- The values 
obtained for В and their standard deviations for the three different values of ξ 
are given in table 8 2 (the values indicated with О were neglected for the 
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^ 2 /jm/cm 
FIG. VIII-8. A plot of the dimensional change Δ'.' obtained by diameter measurements 
against the dimensional change Δ- computed from the adaptation experiments without 
any correction for surface roughness (ί.β.ξ = 0) [ : "adaptation" specimens containing a 
a high porosity content] 
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FIG. VIII-9. A plot of the dimensional change Δ'.' obtained by diameter measurements 
against the dimensional change Δ- computed from the adaptation experiments with a 
correction for the surface roughness ( | = 0.8 г ) [о: "adaptation" specimens contain­
ing a high porosity content] 
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Table 8.2. В determined with equation (8.7) and its standard deviation sR for V degrees 
of freedom as a function of ξ. 
В Sg „ 
1.19 0.19 9 
1.13 0.11 9 
1.13 0.13 9 
correlation analysis). By means of a t-test at the a= 0.05 level no significant 
differences with В = 1 could be detected for any of the three values of B. 
In table 8.3 Г2 and Г! as computed from the experimental results and their 
ratio are given for the different amalgams. The ratio rj/rj lies between 0.622 
and 0.795, its mean value being 0.706. 
The dimensional change A'{ obtained from specimens prepared with 'hand 
packing' at 40 wt.% mercury and Δ', obtained by a modified ADA Specifica­
tion test (ADA, 1970) packed at a static load of 7.80 kgf/mm2 can be des­
cribed by means of the linear regression model 
Δ',' = С + ΕΔ', (8.8) 
In equation (8.8) the 95% confidence interval of E (11 degrees of freedom) is 
E = 0.26 ±0.13, whereas ΔΊ /Δ,' = 0.7 
8.4 Discussion 
The relation found between ΔΊ' and Δ2 for ξ = Г2 in the case of amalgams 
containing a low porosity content proves the adaptation during setting to be 
predictable satisfactorily by measurement of the diameter after setting in a 
mold. The fact that highly porous amalgams are outliers in this respect might 
be explained by the more severe erosive action of the grinding and polishing 
procedures of those amalgams. 
The measurement of the diameter of 'hand packed' specimens seems to be 
suitable for carrying out the determination of the dimensional change as a 
quality control test of dental amalgams for research and specification purpo­
ses. The present study shows that this test is valid as long as Г2 < 2.5 μη\. 
The fact that the Δ'{ and ΔΊ values are correlated according to equation 
(8.8), indicates that the preparation of the specimens according to or analo­
gously to the ADA Specification no. 1 (ADA, 1970) as schematized prepara-
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0 
0.8r 
Table 8.3. The standard roughness г , the mean roughness r and the ratio r./r 
for the different dental amalgams. 
malgam 
2 
4 
4 
6 
6 
? 
7 
7 
8 
8 
9 
10 
10 
r l 
(Jim) 
1.227 
2.138 
3.564 
0.585 
1.804 
1.440 
0.603 
1.286 
2.340 
2.192 
4.098 
4.171 
1.171 
1.510 
r 2 
(Mm) 
0.933 
1.342 
2.425 
0.425 
1.150 
0.992 
0.467 
0.800 
1.725 
1.375 
3.058 
2.842 
0.925 
1.200 
V', 
0.760 
0.628 
0.680 
0.726 
0.637 
0.689 
0.774 
0.622 
0.737 
0.627 
0.746 
0.681 
0.780 
0.795 
* mixed with mercury purum + 1 wt. %Zn 
+ mixed with mercury purum 
tion technique is acceptable for those purposes. However, as E = 0.26 ±0.13 
is significantly different from its expected value 1 and as a correlation 
between Δ', and Δ2 was not obvious yet, it is necessary that further research 
is done in order to sort out the effects of experimental factors such as 
packing time, load and loading rate, which were not varied systematically yet. 
The experimental material represented in fig. 8.4 to 8.6 and in table 8.1 
illustrates that the dimensional change during setting of specimens prepared 
analogously to the ADA Specification no. 1 (ADA, 1970) between both the 
amalgams made from one dental amalgam alloy and those made from diffe­
rent amalgam alloys may differ considerably (up to 75 дт/ст) . Furthermore, 
the dimensional change during setting shows up quite typical differences for 
the amalgams obtained from different alloys between the curves for Δ, as a 
function of mercury content. More research is also necessary in order to 
understand those differences in terms of factors such as the particle size 
distribution of the dental amalgam alloy, the quantitative description of the 
phase composition of the dental amalgam (alloy) and the packing (i.e. 
sintering) characteristics (time, load, etc.). 
At last it must be stressed that the mean value of the ratio ^ / ^ found in this 
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study is consistent with the theoretically expected value between 0.7 and 0.8 
(van 't Hof in: Letzel, 1972). 
In conclusion, a relation between the dimensional change computed from 
adaptation measurements and the dimensional change determined acoording 
to the method proposed in Chapter VII has been established. The last method 
is a suitable quantity in predicting the mean adaptation of an amalgam 
restoration to the cavity wall for dental amalgam restorations showing up a 
not too high degree of surface roughness or porosity. 
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SUMMARY 
It was the aim of Chapter II to present an analysis of the literature about the 
modes of failure of dental amalgam restorations under oral conditions It was 
discussed which physical and chemical properties are clinically relevant to 
these modes of failure Then attention was focussed on some of those 
properties. 
In Chapter III first a review and discussion was given of the literature on 
creep measurements of dental amalgam Then the theoretical creep models 
controlled by climb of dislocations were reviewed and their repercussions on 
the form of the theoretical relation between the steady-state creep rate, 
applied stress and temperature was pointed out It turned out that the most 
promising equation describing the creep behaviour is equation (3 3) 
е = К з ( а - а 0 ) т о е х р ( - и / к Т ) (3 3) 
in which é is the steady-state creep rate, σ is the applied stress, U is the 
activation energy, Τ is the temperature, whereas K3, σ0 and m 0 are constants 
of the material 
At last, it was formulated as a working hypothesis that the creep of dental 
amalgam is determined by the low melting phases 
In Chapter IV experiments were described on the steady-state creep rate of 
six dental amalgams and its dependence on applied stress and deformation 
temperature It was found that both the experimental results reported in this 
thesis and the expenments reported in literature could be described satisfac­
torily by equation (3 3) by taking m 0 = 2 No differences could be detected 
between the mean values of the activation energies of the six amalgams, the 
overall mean being 108.5 kJ/K mole. 
Furthermore, b' = {K3 exp (— U/295.5 k)}" was found to be independent of 
the mercury content (i.e. the quantities of the low melting phases). Thus, it 
was confirmed that the creep of dental amalgam is determined by the low 
melting phases. 
In Chapter V a review was presented on the alloy phases found in isothermal 
sections as given of the system Ag-Hg-Sn by Knight and Joyner (1913) and 
Gayler (1937) and on those phases occurring in the binary systems and in 
dental amalgam Then, points of analogy and of difference between the 
Ag-Hg-Sn system and dental amalgam were indicated A lack of a quantitative 
description of the phase composition in dental amalgam research up to now 
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was established. It was derived from the work of Ryge et al. (1957) that it 
might be possible to determine the phase composition of dental amalgam 
quantitatively by means of X-ray diffraction techniques as far as the major 
phases 7, у1 and 72
 a r e
 concerned. 
In Chapter VI this possibility was investigated on 6 dental amalgams. To that 
purpose the integrated peak intensities of certain reflections of the γ, у ι and 
72 phase were selected and their dependence on the mercury content of the 
amalgam after annealing for 20 hours at 370C were determined. In addition, 
the aforementioned peak intensities were determined at a mercury content of 
45 wt.% mercury of the amalgam as a function of the annealing time at 370C. 
Also the overall changes in phase composition were studied qualitatively by 
means of the peak heights of all phases found in the X-ray patterns of 6 
amalgams at different annealing times. At last, a first attempt was made to 
find interrelations between creep and structural properties. 
The integrated peak intensities of the 7,72 and 72 reflections as a function of 
mercury content after annealing for 20 hours at 370C could be described 
satisfactorily by means of the regression model given in equation (6.1) 
I ^ l f - r ç w (6.1) 
Here Ij is the integrated peak intensity for phase i at a mercury fraction of w 
by weight, whereas 1° and oq are constants of the material, whereby i = 0, 1, 
2 stands for the 7, 7! and 72 phase respectively. Considerable differences 
between the o^  parameters of the different amalgams were detected. At a 
mercury content of 45% mercury by weight in the amalgam the 72 phase 
content did not seem to depend on the annealing time. It could be concluded 
also that the 7 and 7 ] phase contents of dental amalgam decrease with 
increasing annealing time at 370C whereas the quantity of another phase, 
probably the β phase increases with increasing annealing time. 
The creep resistance of dental amalgams tested at room temperature was 
found to increase significantly (i.e. b' is higher) with decreasing I 0 . Those 
amalgams containing both the СизЗп and the CugSns phase resulted in 
amalgams being the most creep resistant at room temperature. 
From experiments reviewed in Chapter VI the working hypothesis was derived 
that the copper content of the 7 phase of dental amalgam alloy is an 
important factor in determining the creep properties of the set amalgam. 
This working hypothesis implicitly includes both the role of the chemical 
composition and the 'thermal history' of the dental amalgam alloy. 
I l l 
In Chapter VII attention was paid to the different factors influencing the 
result of the determination of the dimensional change of dental amalgams 
during setting with methods analogous to the test described in ADA Specif! 
cation no 1 It has been reported in the literature that there is no correlation 
between the dimensional change test on one side and the interspace dimen­
sion between the restoration and the cavity wall as measured by an indepen­
dent method on the other side. In the discussion of the combined literature 
data it turned out that a dimensional change test according to the ADA 
Specification no 1 is unsuitable because the outcome of the experiment is 
highly dependent on experimental variables 
The experimental problems involved in this test appeared to be unsolvable A 
new method to obtain the dimensional change during setting in a clinically 
relevant way was proposed This method consists in the determination of the 
dimensions of preferably cylindrical specimens after setting of the amalgam in 
a cylindrical mold 
In Chapter Vili a treatise was given of the different aspects involved in the 
adaptation of an amalgam restoration to the cavity wall 
It was stated that a 1 1 correlation between the dimensional change Δ 
(μπι/ΰπι) determined according to the new method proposed in Chapter VII 
and the dimensional change computed from determinations of the dimensions 
of the interspace between the amalgam restoration and the cavity wall can be 
expected if the average distance to the cavity wall would be corrected 
appropriately for surface roughness The results of the direct determination 
of the dimensional change by measurement of the diameter of set cylindrical 
specimens as proposed in Chapter VII was described 
Furthermore, the dimensional change Δ was computed from independent 
measurements of the adaptation Finally, the correlation between the two 
series of results was determined and compared with the theoretical predic­
tion 
A good correlation was established for clinically simulated packing techniques. 
Further research is necessary for more standardized laboratory methods of 
packing. 
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SAMENVATTING 
Het geven van een analyse van de literatuur met betrekking tot de levensduur 
beperkende faktoren van amalgaam restauraties onder orale omstandigheden 
was het eerste doel van Hoofdstuk II. Vervolgens werd daarin besproken 
welke fysische en chemische eigenschappen van belang zijn in verband met 
het klinisch funktioneren van amalgaam restauraties. Tenslotte werd de aan­
dacht gericht op een aantal van deze eigenschappen. 
Een overzicht alsmede een diskussie van de literatuur over kruipexperimenten 
aan tandheelkundig amalgaam werd in Hoofdstuk III gegeven. Vervolgens 
werden de onderscheidene kruipmodellen behandeld welke de klim van dislo-
katies als kruipmechamisme veronderstellen. Gewezen werd op de reperkus-
sies van de onderscheidene modellen voor het verband tussen stationaire 
kruipsnelheid, uitgeoefende spanning en temperatuur. Vergelijking (3.3) bleek 
de meest bevredigende beschrijving van het kruipgedrag te geven. 
έ = Кз (σ - σ 0) " Ч х р ( - U/kT) (3.3) 
Hierin is de é stationaire kruipsnelheid, σ de uitgeoefende spanning, U de 
aktiveringsenergie en Τ de absolute temperatuur, terwijl K3, σ0 en m0 
materiaalkonstanten zijn. 
Tenslotte werd de werkhypothese geformuleerd dat de kruip van tandheel­
kundig amalgaam bepaald wordt door de laag smeltende fasen. 
In Hoofdstuk IV werd het kruipgedrag van een zestal tandheelkundige amal­
gamen beschreven. Het was mogelijk zowel de in dit proefschrift gerapporteer­
de experimenten als de reeds gepubliceerde resultaten door middel van 
vergelijking (3.3) met m0 = 2 bevredigend te beschrijven. 
Geen verschillen werden vastgesteld tussen de U waarden van de 6 amalga­
men. Gemiddeld over de 6 amalgamen werd voor de aktiveringsenergie een 
waarde van 108.5 kJ/Kmole gevonden. Verder werd gevonden dat b' = {K3 
exp (— U/295.5k)}.~2 onafhankelijk is van het kwikgehalte (d.w.z. van de 
hoeveelheden laagsmeltende fasen). Aldus werd de werkhypothese bevestigd 
dat de kruip van amalgaam door de laagsmeltende fasen bepaald wordt, 
omdat deze immers over een groot gebied van kwikgehaltes een continue 
matrix in tandheelkundige amalgamen vormen. 
Een overzicht van de door Knight en Joyner (1913) en Gayier (1937) 
gevonden fasen in een isotherme doorsnede van het Ag-Hg-Sn systeem werd in 
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Hoofdstuk V gegeven. Tevens werd de aandacht gericht op de fasen welke 
voor de binaire systemen en voor tandheelkundig amalgaam gerapporteerd 
zijn. 
Vervolgens werden overeenkomsten en verschillen tussen het Ag-Hg-Sn sys-
teem en tandheelkundige amalgamen aangeduid. Vastgesteld werd dat tot nu 
toe in het tandheelkundig amalgaamonderzoek geen aandacht aan een kwanti-
tatieve beschrijving van de fasensamenstelling van tandheelkundige amalga-
men is besteed. Uit het werk van Ryge et al. (1957) werd afgeleid dat het 
mogelijk moet zijn de fasensamenstelling van tandheelkundig amalgaam door 
middel van Röntgendiffraktie kwantitatief te bepalen, althans voor zover het 
de7,7i en 72 fase betreft. 
In Hoofdstuk VI werd deze mogelijkheid voor een zestal tandheelkundige 
amalgamen onderzocht. Hiertoe werden de geïntegreerde piekintensiteiten 
van bepaalde reflekties van de γ, γχ en 72 fase gekozen waarna de afhanke-
lijkheid van die intensiteiten van het kwikgehalte bepaald werd nadat de 
amalgamen gedurende 20 uur bij 37°C hersteld waren. Vervolgens werden 
voornoemde piekintensiteiten als funktie van de hersteltijd bij 370C en een 
kwikgehalte van 45 gew.% bepaald. 
Tevens werden veranderingen van de fasensamenstelling als funktie van de tijd 
kwalitatief bestudeerd door middel van de piek hoogten voor reflekties van 
alle fasen welke op grond van het röntgendiffraktie patroon gevonden wer-
den. Tenslotte werd een eerste poging gewaagd interrelaties te vinden tussen 
kruip en strukturele karakteristieken. 
Als funktie van het kwikgehalte en een hersteltijd van 20 uur bij 37°C konden 
de geïntegreerde piekintensiteiten op bevredigende wijze beschreven worden 
door middel van het in vergelijking (6.1) gegeven regressie model 
l i - t f - O i w (6.1) 
In vergelijking (6.1) is Ij de geïntegreerde piekintensiteit van fase i bij een 
gewichtsfraktie w aan kwik, terwijl 1° en o, materiaalkonstanten zijn, waarbij 
i = 0, 1,2 respektievelijkde7,7i en 72 fase aanduidt. 
Aanzienlijke verschillen werden aangetoond tussen de Oj parameters van de 
onderscheidene amalgamen. Er kon geen afhankelijkheid van de hoeveelheid 
aanwezige 72 fase van de hersteltijd worden vastgesteld. De hoeveelheden 7 
en 71 fase van tandheelkundig amalgaam nemen af met toenemende herstel-
tijd bij 370C, terwijl de hoeveelheid van een andere fase (waarschijnlijk de β 
fase) toeneemt met toenemende hersteltijd. 
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Gevonden werd dat de kruipvastheid van amalgaam bij kamertemperatuur 
signifikant toeneemt (d.w.z. b' hoger) met afnemende I 0 van de uitgangsle­
gering. Amalgamen vervaardigd uit legeringen welke zowel de СизЗп als de 
Cu6Sns fase bevatten bleken bij kamertemperatuur het meest kruipvast te 
zijn. Uit de in Hoofdstuk VI gerapporteerde experimenten werd de werkhy­
pothese afgeleid dat het kopergehalte van de γ fase van de tandheelkundige 
amalgamlegering in belangrijke mate het kruipgedrag van het uitgeharde 
amalgaam bepaalt. 
Deze werkhypothese omvat impliciet zowel de rol van de chemische samen­
stelling als die van de 'thermische geschiedenis' van de tandheelkundige 
amalgaamlegering. 
In Hoofdstuk VII werd aandacht besteed aan de onderscheidene faktoren 
welke de bepaling van de verhardingskontraktie (of expansie) analoog aan de 
ADA Speciffikatie no. 1 beïnvloeden. In de literatuur is gerapporteerd dat er 
geen korrelatie bestaat tussen enerzijds het dimensioneel gedrag en anderzijds 
de afmeting van de ruimte tussen de restauratie en de kaviteitswand bepaald 
met behulp van een onafhankelijke meetmethode. Een bespreking van de 
verschillende gegevens in de literatuur leverde op dat de bepaling van de 
verhardingskontraktie volgens ADA Specifikatie no. 1 niet bruikbaar is om-
dat de uitkomst van het experiment in grote mate afhankelijk is van experi-
mentele omstandigheden. 
De aan deze proef gepaard gaande experimentele moeilijkheden schijnen 
onoplosbaar te zijn. Een nieuwe methode werd voorgesteld met behulp 
waarvan op een voor de orale omstandigheden relevante wijze de verhardings-
kontraktie verkregen kan worden. Bij deze methode worden de afmetingen 
van bij voorkeur cylindrische preparaten bepaald nadat het amalgaam in een 
mal is uitgehard. 
In Hoofdstuk VIII werden de verschillende aspekten met betrekking tot de 
adaptatie van een amalgaamrestauratie tegen de kaviteitswand bepaald. Ge-
steld werd dat een 1 : 1 korrelatie verwacht kan worden tussen enerzijds de 
verhardingskontraktie Δ (μπι/αη) bepaald volgens de nieuwe, in 
Hoofdstuk VII voorgestelde, methode en anderzijds de verhardingskontraktie 
berekend uit de bepaling van de dimensie van de ruimte tussen de amalgaam 
restauratie en de kaviteitswand indien de gemiddelde afstand tot de kaviteits­
wand op de juiste wijze gekorrigeerd zou worden voor de oppervlakteruw-
hcid. De resultaten werden beschreven voor de direkte bepaling van de 
verhardingskontraktie door middel van diameter metingen aan uitgeharde 
preparaten zoals voorgesteld in Hoofdstuk VII. 
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Verder werd de verhardingskontraktie Δ uit onafhankelijke adaptatieme-
tingen berekend. Tenslotte werd de korrelatie tussen de beide series resultaten 
bepaald en vergeleken met de theoretisch verwachte waarden. 
Een goede overeenstemming werd verkregen voor klinisch gesimuleerde stop-
methoden. Voor meer gestandaardiseerde stopmethoden is verder onderzoek 
gewenst. 
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geven ten onrechte te weinig aandacht aan de tijdsafhankelijke effekten, die 
voornamelijk van biologische aard zijn 
DIJKMAN, J F P (1969) Krachtenverdelmgcn bij orthodontische 
behandelingen ben theoretisch en experimenteel onderzoek 
Dissertatie Nijmegen 
Tl RLINC.l Ν, Ρ J A M (1973) I en materieel en mathematisch model 
ter bestudering van het krachlenpatroon bij orthodontische extra-orale 
traktie Dissertatie Nijmecen 
IX 
De patient zal gebaat zijn bij een volledige integratie van het studievak tand-
heelkundige materialen in het curriculum van de tandartsopleidmg 
X 
Het feit dat slechts weinig tandheelkundig matenaalkundigen zich afvragen 
welke klinische relevantie de door hun bepaalde materiaaleigenschappen 
hebben, betekent noodzakelijkerwijs nog niet dat alle onderzoek op dit ge-
bied als onzin beschouwd dient te worden 
Nijmegen, 14 september 1973 M M A Vnjhoef 


